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Abstract
The aim of the research in this thesis was to design, model, analyse and experimentally test
multimode optical waveguides and lightguides for manipulating infrared light for optical
backplane interconnections and visible light for laser illuminated display systems.
Optical Input/Output Coupling loss at the entry and exit of polymer waveguides depends on
optical scattering due to end facet roughness. The input/output coupling loss was measured for
different end facet roughness magnitudes and the waveguide surface profiles due to different
cutting methods (dicing saw and three milling routers) were compared. The effect of the number
of cutting edges on the router, the rotation rate and translation (cutting) speed of the milling
routers on the waveguide end facet roughness was established. A further new method for
reducing the end facet roughness and so the coupling loss, by curing a layer of core material at
the end of the waveguide to cover the roughness fluctuations, was proposed and successfully
demonstrated giving the best results reported to date resulting in an improvement of 2.8 dB, even
better than those obtained by use of index matching fluid which is impractical in commercial
systems. The insertion loss due to waveguide crossing having various crossing angles was
calculated using a beam propagation method and ray tracing simulations and compared to
experimental measurements. Differences between the results were resolved leading to an
understanding that only low order waveguide modes at no more than 6 degrees to the axis were
propagating inside the waveguide. This solves a long standing problem observed by other
researchers at Varioprint and gives a much deeper understanding of the physics of propagation of
light in polymer waveguides.
Several different and new optical designs of multimode waveguide for the light engine of a 3D
autostereoscopic laser illuminated display system were proposed. Each design performed the
functions of laser beam combining, beam shaping and beam homogenizing and the best method
was selected, designed, modelled, tested, and implemented in the system. The waveguide
material was inspected using spectroscopy to establish the effect of high power optical density on
the material performance showing an increased loss particularly in the shorter wavelengths. The
effect of waveguide dimensions on the speckle pattern was investigated experimentally and the
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speckle contrast was reduced to below the threshold of human perception. Speckle contrast was
also recorded for the first time along the axis of the 3D display system and normal to it in the
viewing area and the speckle characteristics at each stage were investigated. New algorithms for
analysing speckle were used and the perceptual ability of human eyes to detect speckle size and
contrast were taken into account to minimise perceived speckle patterns.
The effect of the core diameter of optical fibres on the speckle pattern was investigated and it
was shown that the speckle spot diameter is reduced by increasing the fibre core diameter. Based
on this experiment, it was suggested that speckle reduction is more effective if the optical fibre
used in the display system has larger diameter. This is due to the reduction of speckle spot
diameter below the resolution of the human eye. Therefore, a slab waveguide of 1 mm thickness
and 20 m width was used for laser beam combining, homogenising and beam shaping and a
uniformity of 84% was achieved with just 75 mm length. The speckle was also completely
removed at the output of the waveguide.
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Chapter 1: Introduction
1.1. The Aim
The aim of the research in this thesis was to design, model, analyse and experimentally test
multimode optical waveguides and lightguides for manipulating infrared light for optical
backplane interconnections and visible light for laser illuminated display systems.
The first section of the research explained in this thesis is the use of multimode polymer optical
waveguides for board-to-board communications in optical backplane interconnect systems. The
optical insertion loss of polymer waveguides is considered in order to explore the design rules
for laying out the geometry of waveguides in optical backplane systems. The research focusses
on the optical input/output coupling loss due to the entry and exit end facet roughness of polymer
waveguides and the insertion loss of waveguide crossings. The aims of the research in this
section are:
− To find the relationship between the waveguide end facet roughness and the optical
coupling loss in optical printed circuit boards (OPCB).
− To find the best method to cut polymer waveguides based on the surface quality, cost
and reliability of the method.
− To optimise the cutting parameters of the selected cutting method to reduce the end facet
roughness of the waveguide and so optical input/output coupling loss .
− To find and apply a range of methods for polishing, reducing and minimising the end
facet roughness.
− To find the relationship between the crossing angle and the optical insertion loss of
waveguide crossings.
− To analyse and understand the reason for the optical loss in waveguide crossings and to
characterise the optical insertion loss in the waveguide crossing sections.
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The second section of the research explained in this thesis, is the use of multimode optical
waveguides in the Light Engine of laser-illuminated display systems for beam combining,
homogenization and beam shaping. In this application, multiple waveguides are proposed in the
form of lightguides in the Light Engine to define an alternative approach to free space optical
designs. The waveguides are also used to reduce the speckle contrast, which is an important
factor in a display system. The research is focused on a 3D autostereoscopic laser illuminated
display system where recently developed high power multi-emitter lasers are used as the light
sources. The aims are:
− To propose and compare various possible new methods for laser beam combining and
homogenization and beam shaping using optical waveguides.
− To design and test a new waveguide approach to solve the problem of multi-emitter
interference patterns occurring in the free space approach when a multi-emitter laser is
used.
− To optimise a slab waveguide for laser beam combining, beam homogenizing and beam
shaping to be used in the 3D display system.
− To find the effect of optical waveguides on the speckle pattern and endeavour to reduce
the speckle contrast by using waveguides.
− To investigate the effect of the output power of the lasers on waveguide and lens material
ageing.
In order to achieve the aims of the thesis, the design and manufacture of polymer multimode
buried channel waveguides are explained, and important issues such as waveguide coupling loss
and waveguide crossings are investigated by two modelling techniques and experiment and the
results compared to elucidate the behaviour of the light within the waveguide structures. Several
waveguide samples cut with different types of cutting method and cutting parameter are
measured and compared with respect to both their mechanical and optical properties.
Waveguides with different crossing angles are designed, modelled and experimentally measured
to characterise the optical insertion loss of waveguide crossings.
Several possible methods for using waveguides of different shapes and types are compared and
the advantages and disadvantages are listed. The best method is chosen and the required optical
system for the Light Engine of the 3D autostereoscopic display system is designed, modelled and
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implemented in the system. The speckle pattern is measured and characterised and the effect of
the waveguide design on the speckle contrast is investigated experimentally.
1.2. Motivation
− Optical Backplanes
Electrical interconnections have dominated data communication within, and between, digital
machines in the past and optical techniques have been used increasingly for long distance
communications[1.1;2]. Electrical interconnects are used for short range interconnection as they
have been the most reliable method in this application. However, the demand for higher data
rates (10 Gb/s and higher) increases the cost of the electrical interconnection and also there are
some physical limitations that cannot be avoided such as the skin effect. Moore’s law shows the
exponential reduction of feature sizes and increases in numbers of transistors, electronic
microprocessor speed and computing power due to increasing demand [1.3]. This creates
physical and technical problems as increasing the data rate increases the clock frequency, which
in turn increases the loss in the electrical circuit due to loss mechanisms in the electrical
interconnections such as dielectric printed circuit board (PCB) loss and radiation leakage which
become more significant at higher frequencies [1.2]. There are several limiting issues in using
electrical interconnects at high data rates and some of the challenges for researchers seeking new
solutions for replacing printed circuit boards are mentioned here; these are mainly ones that do
not exist for optical interconnections. These challenges are as follows:
 The skin effect occurs in a conductor carrying an alternating current (AC) and is where
the current tends to move near its outer surface. As the frequency increases, the current
concentrates near the surface of the conductor (for example, the skin depth for copper at 1
GHz is about 2 µm). Due to this effect, the current is carried in a thin layer of the
conductor and this increases the resistance as a result of reduced skin depth with higher
frequency. The resistance is proportional to the square root of the current frequency [1.4].
 Conventional electrical lines have a resistance and a capacitance that limits the rise time
of signals [1.5]. As a result, the rate of data that can be transferred via the line is limited.
So, if two signals are sent too close to each other in time they could overlap due to the
limited rise time [1.2]. This fact causes an issue referred to as the rise time scaling
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problem [1.2]. It can be shown that in an electrical wire the rise time is determined by the
resistance and the capacitance of the wire which determines the RC time constant [1.6].
If the size of the electrical track changes in three dimensions by shrinking the wire, the
RC time constant does not change as the ration of l/A is constant for a cylindrical wire (l
is the diameter of the cylinder and A is the cross section area). Therefore, as the
transistors in a microprocessor operate faster, the wires connecting the microprocessor
cannot keep up with the microprocessor frequency and in total the system is limited [1.6].
There is no equivalent phenomenon in optics that limits the bandwidth in this way.
Currently the speed of computers is limited by the limited speed of the interconnections
rather than by the speed of the microprocessors and this is also impeding the development
of high speed switching and storage systems.
 The dielectric leakage causes by the dipole rotation in the dielectric material and
increases linearly with the clock frequency [1.7]. The dielectric loss in the case of glass-
reinforced epoxy laminate sheet (FR4) material which is generally used as the printed
circuit board substrate becomes even larger than the skin effect losses above a data rate of
1 Gb/s [1.8].
 Electrical crosstalk between signal lines increases at higher data rates as the electrical
wires radiate more with increasing frequency and receive signals more readily from
adjacent tracks [1.9]. Electrical crosstalk between signal lines also increases with the
density of interconnections and the required density is increasing in 3D to accommodate
the required data rates. For example, bus structures of multiple parallel lines can be used
to send the same data volume, but at lower data rates on each line. However, they occupy
more surface area of the PCB
 Signal degradation due to reflections at impedance mismatch between transmission lines
and electronic components and at vias from one layer to another in the board [1.9].
Inductive and capacitance discontinuities causes reflections at connectors and these
reflections can cause logic errors [1.10].
 Increase in fabrication cost of the interconnection for higher bit rates as it requires more
advanced technology [1.6].
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 Increase in power consumption to drive more copper tracks at high bit rates together with
the associated need for more cooling by conduction, convection and forced air flow or
liquid cooling.
There are several electronic solutions offered to overcome the above limitations, however, all of
these are complicated and they increase the complexity of the circuit and development cost.
These are only temporary solutions that are not scalable for future demands. For example, low
dielectric loss materials available for high frequency use produced by the Rogers Corporation
[1.11] increase the bandwidth density to 1 Gb/s but also increase the cost of the system by more
than a factor of five [1.8]. There have been other methods used to overcome these limitations, the
most popular of these being equalisation of the transmission lines to achieve a uniform response
over a broad bandwidth which can also involve use of pulse pre-emphasis to offset the rounding
of pulses due to impedance effects [1.12]. Designing a three-dimensional (3D) structure
microprocessor or using different layers appears at first sight to be a solution to achieve a high
data rate, however, the problem with this method is the power dissipation, especially at higher
frequencies where the losses and radiation are increased.
Electrical interconnections can also be improved by cooling the microprocessor/system to reduce
the resistance of the circuit. However, the circuit needs to be cooled significantly (< 77 K) which
is impractical in real situations. High-temperature superconductors are an alternative approach
but these are not available yet for use at room temperature and the material needs to be improved
which will involve a significant development cost. Therefore, this is a constant problem and
creates a bottleneck. Most of the solutions are temporary, or work just for a particular application
and bandwidth.
Optics is a very interesting alternative approach for interconnection that in principle can
eliminate most of the limitations of electrical interconnections. For example, an electrical design
might be suitable for 500 MHz and may work satisfactorily at this frequency but may not work at
600 MHz due to the different crosstalk, inductance and reflection phenomena. In contrast, an
optical system designed for 500 MHz may work up to 500 GHz and higher as the modulation
frequency has no effect on the optical signal propagation. Moreover, there is no degradation of
the signal due to the medium/environment if free-space optics is used in the system. Several
international groups and companies have published their work and research in this field [1.13-
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17]. Long-distance optical interconnects work in the same way as short ones as the propagation
distance does not affect the signal (the absorption of the material is negligible compared with the
power loss in copper cables). Crosstalk does not increase with the distance or clock frequency
for optical interconnects [1.6]. Increasing the modulation frequency does not change or degrade
the propagation of the signal as the modulation frequency is negligible compared to the optical
carrier frequency (~1015 Hz) so the optics do not need to be redesigned if the clock frequency is
increased [1.6].
Therefore, using optical interconnections essentially removes most of the limitations of electrical
interconnections at higher bit rates. In addition, different techniques such as wavelength-division
multiplexing (WDM), dense wavelength-division multiplexing (DWDM) or time-division
multiplexing (TDM) can be used for coding the light to increase the spatial efficacy of the board
so a single waveguide can carry more traffic and so the board area need not be taken up with
multiple parallel waveguides.
− Displays
Another application of optical waveguides is in laser display systems which have made a
substantial impact on consumer electronics in recent years [1.18] and have grown rapidly in
terms of integration in many different industries, for example mobile and electronic gadgets
[1.18;19]. In laser-illuminated display systems, red, green and blue lasers are employed and the
image is formed by various methods (depending on the system), for example, using separate
intensity modulators for each colour such as liquid crystal on silicon (LCoS) intensity
modulators [1.20;21]. Laser illumination was chosen for the display described in this thesis as it
offers sufficient optical power, large colour gamut and low étendue, thus enabling accurate
control of the beam directions in the system. However, lasers have the disadvantages of
generating speckle patterns, safety issues associated with using coherent light and increase of
cost of the display system (due to the cost of lasers with output in the visible spectrum).
Laser beams used in the light engine of a display system need to be combined, homogenised,
beam-shaped and delivered to the image formation part of the display. The conventional method
of combining lasers in a display system makes use of dichroic filters (very accurate colour filters
used to let a specific wavelength pass and reflect the other wavelengths of the incoming beam) in
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the form of an X-cube [1.18;22]. The combined laser beams then go through other optics to
shape them into the desired configuration and to homogenise them as necessary (more than 90%
uniformity). In this thesis, the use of multimode waveguides as an alternative method to perform
the functions of beam combining, homogenising and beam shaping is investigated. The aim is to
couple the laser light into a multimode waveguide and to design it to deliver the light with the
desired shape and properties.
Waveguides are beneficial for safety in the system for various reasons, for example, the laser
light is confined inside the waveguide and only delivered where it is necessary. Using
waveguides is very useful for cinema projection systems, where tens of watts of laser light are
used, as the lasers can be kept away from the other parts of the display system and the optical
power is delivered via the waveguide.
Speckle can be a serious drawback in laser display systems [1.23]. It will be shown, in this
thesis, that waveguides can be used to give a significant improvement in the speckle contrast,
which to the best of our knowledge has not been previously reported. The waveguides can be
flexible which offers great flexibility in designing the display system. Rigid lens and free-space
systems require the light to be directed carefully while a flexible waveguide can be bent or
twisted to fit into the application package. This fact is a great benefit, particularly in the case of
miniature display systems such as micro-projectors embedded in mobile phones [1.18;24].
The cost of the system is considered and suggestions for designing the system with the maximum
efficiency and lowest cost are offered. The final goal of the research (not in this thesis) is to use a
waveguide in the form of visible fibre lasers or doped waveguides for producing the laser beams,
combining them together and delivering them in the required configuration to the display system.
Not all aspects of this goal are covered in the thesis but waveguide knowledge and experience
from other applications such as optical interconnection will be engaged to explore this
application in greater depth.
1.3. Layout of the Thesis
Chapter 1 is the aim, motivation and layout of the thesis. This is followed by technical literature
reviews in chapters 2 and 3. Chapters 4 and 5 are mainly reviews of past or other related research
carried out at UCL although the author of the thesis was involved in this research. The new
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research is presented in chapters 6, 7, 8, 9, 10. Chapters 8 and 9 are related to each other. Finally,
the conclusions and future work are in chapter 11.
In chapter 2, the optical printed circuit boards, optical interconnect systems and previous
research which has been carried out by various groups in other universities, companies and
institutes is reviewed. In this chapter, the research on designing optical backplanes and
establishing the optical loss of polymer waveguides is reviewed. Previous research on the optical
coupling loss between an optical source and the waveguide due to the waveguide end facet
roughness and research on the insertion loss of waveguide crossings is also reviewed. It should
be noted that we have kept all of the UCL research in this area out of this chapter and instead
describe that separately in Chapter 4.
Chapter 3 reviews laser-illuminated display systems and the use of waveguides, lightguides and
lightpipes in display systems. In this chapter, display systems that use waveguides for beam
combining, image forming and optical power delivery are reviewed. Speckle in display systems
and use of optical fibre for reducing the speckle contrast are also reviewed.
Chapter 4 describes the optical backplane and related research performed in our research group
at University College London (UCL). A lot of this research was carried out in close collaboration
with the company Xyratex Technology Ltd and with other partners such as IBM and their
contributions and those of other members of the UCL research group are duly acknowledged
where appropriate. A brief explanation of the UCL optically interconnected system design and
configuration is presented and the light source and experimental arrangement which was used for
the waveguide measurments are also explained. The fabrication technique, waveguide design,
simulation theory and the experimental procedure are explained in this chapter. Various sources
of optical loss in polymer optical waveguide printed circuit boards are reviewed. (The author of
the thesis was involved in the design, testing, simulation and measurement of the waveguides,
however, the research in this chapter is not the principal original work that was carried out by the
author).
Chapter 5 describes a new autostereoscopic multi-view multi-user back projection 3D display
system that was developed by UCL within the HELIUM3D (High Efficiency Laser-Based Multi-
user Multi-modal 3D Display) project in close collaboration with a range of universities,
CHAPTER1: Introduction
9
companies and institutes and their contributions and those of other members of the UCL research
group are duly acknowledged where appropriate. This chapter describes the various parts of the
3D display system and then concentrates on the light engine of the system. The way in which the
3D image is produced, the light engine and the laser source used in the Light Engine are also
explained.
In Chapter 6, the new research on optical loss due to the roughness of the end facet of the
waveguide is explained and new research on the optimisation of the parameters of a milling
router for cutting the waveguide and the effect of the cutting parameters on the end facet
roughness is described. The reduction of roughness by polishing is considered and a new method
for reducing the end facet roughness and improving the coupling loss is presented.
Chapter 7 describes new research on the effect of waveguide crossings on the optical loss and the
relationship between the crossing angle and the optical loss. This is explored by comparison of
simulation and experiments for several different types of loss.
In chapter 8, a new application for optical waveguides in laser-illuminated 3D display systems is
introduced. Several different possible methods of using waveguides in the 3D autostereoscopic
display system are compared and the best method is chosen.
In chapter 9, optical waveguides are implemented in the 3D display system, using the methods
which were chosen in chapter 8, is designed, simulated and tested by experiment. A slab
waveguide is used for homogenisation of the output of special multiple laser emitters and for
shaping a laser beam to give a rectangular shape.
Chapter 10 focuses on speckle in the 3D autostereoscopic display system, the effect of optical
waveguides on speckle and finally, speckle reduction. A new method of analysing speckle in
display systems is introduced and the variation of speckle throughout the display system is
described for the first time. In addition, the effect of waveguides and optical fibres on the speckle
contrast and speckle spot diameter are investigated.
In chapter 11, the conclusions of the new research carried out in the thesis are presented and
discussed and further possible research is suggested.
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Polymer Waveguide Interconnects forChapter 2:
Optical Backplanes Review
2.1 Introduction
In this chapter, earlier research on optical interconnections carried out by other research groups
mentioned below is reviewed. The chapter focusses on the fabrication methods, waveguide
parameters, waveguide size, coupling efficiency and transmission length as these are more
relevant to the new research presented in this thesis [2.1]. After reviewing earlier research on
optical interconnections, the chapter goes on to review the earlier research on optical waveguide
crossings and coupling loss due to waveguide end facets.
Optical printed circuit boards have many advantages over conventional copper track PCB
interconnections for data rates higher than 10 Gbit/s as explained in chapter 1. In this chapter,
research on Optical Printed Circuit Boards (OPCB) using embedded polymer waveguides is
reviewed. Due to the increased demand for higher data rates and limitations on electrical
interconnections, several groups of international researchers and companies have carried out a
range of OPCB research. DaimlerChrysler [2.2;3], Ulm University [2.4], Dortmund University
[2.5;6], the University of Hagen [2.7], Siemens and the Fraunhofer Institute for Reliability and
Microintegration [2.8;9] have worked on optical interconnections in Germany. Linköping
University in Sweden [2.5] and a group in Helsinki University in Finland [2.10] are active in this
subject and have published several papers in recent years [2.11-13]. Supélec Service de Mesures
[2.7] and INTEXYS Photonics [2.14] are industrial companies in France which are working on
an OPCB European project. There are other groups including Ghent University in Belgium
[2.15;16] with whom we have been in communication during this project. IBM Zurich [2.14;17]
and Vario-print [2.14] are companies in Switzerland working on OPCBs and we also
collaborated with them in our backplane project. In the UK, Herriot-Watt University [2.18],
Loughborough University [2.19], Exxelis Ltd and Xyratex Technology Ltd [2.20] have
collaborated with us and they are working mainly on manufacturing waveguides using different
methods which will be mentioned in chapter 3.
Apart from the above groups, Fujitsu laboratories in USA [2.21;22], Duke University [2.23-25],
General Electric [2.23;24] Georgia Institute of Technology [2.23;26], AMP Global
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Optoelectronics Technology [2.27;28], DuPont Photonics [2.29] are American companies and
research institutes developing optical PCBs. In Japan, Nippon Telegraph and Telephone (NTT) is
the main player in this area [2.30;31] but Hitachi Chemical and Mitsubishi [2.25] have also
worked and developed some products used in the OPCB industry. In Korea the Electronics and
Telecommunication University Daejeon [2.32-36] has carried out significant work and Samsung
[2.30] also has shown interest in this area [2.32;34].
2.2 Review of optical backplane systems
2.2.1 DaimlerChrysler optical backplane
DaimlerChrysler research centre in Germany developed a backplane system for avionic, satellite
and telecommunication applications due to the light weight of optical interconnects compared to
copper interconnects. The system aimed for a 1 Gb/s data rate but they were able to report rates
up to 2.5 Gb/s[2.2;37]. The waveguide material is a polymer with an attenuation of 0.03 dB/cm
at 840 nm and the waveguides were made by the direct laser writing technique [2.37]. Figure 2.1
shows a schematic diagram of this backplane system.
Figure 2.1: DaimlerChrysler Optical backplane structure. After[2.37].
The cross section of the waveguide is 250 µm × 200 µm and due to this large core area the light
input/output coupling efficiency is higher than for more common 50 µm × 50 µm core
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waveguides due to the higher misalignment tolerances. It is beneficial to have waveguides with
larger size as far as coupling is concerned but in order to achieve maximum compatibility with
Printed Circuit Boards, (PCB) and their manufacturing process, the size of the optical waveguide
should be 50 µm – 100 µm which is of the same order of magnitude as the microstrip lines in and
on PCBs. The waveguides could be laid out on a substrate of 1000 mm × 300 mm but the longest
waveguides they made were 550 mm and they demonstrated communication between processor
cards via the backplane. The light source was an edge emitting laser diode at 780 nm
implemented on the processor cards and light was coupled into the waveguide with the aid of
half ball lenses and a 45º mirror. Similar lenses and mirrors were used at the other end of the
waveguide where the light was redirected and focused into a 400 µm active area photo detector.
This system has been tested up to 2.5 Gb/s data rates and passed several environment tests which
are particularly important for aviation and satellite applications.
2.2.2 Siemens/ C-Lab Electro-Optical Circuit board
Siemens SBS C-Lab, in Germany developed an OPCB system, which is a PCB board with
integrated polymer waveguides. The waveguides were made by an embossing technique [2.38].
The light source was a VCSEL with a wavelength of 850 nm which was mounted on the surface
of a PCB with a photodetector as shown in Figure 2.2 and Figure 2.3. The aim was to integrate
waveguides into a PCB board without a significant modification of the board. The waveguides
were 50 µm × 50 µm and they report the attenuation to be 0.15 dB/cm [2.39]. They developed
two approaches, which they called indirect and direct light coupling. In the case of indirect
coupling, the laser beam was coupled into the waveguide (and coupled from the waveguide into
the receiver) by using 90º beam deflecting elements [2.40]. In the direct coupling approach, the
laser was inserted into the Electrical-Optical Circuit Board (EOCB) and the light from the
VCSEL was coupled into the waveguide directly. In the indirect method, an optical via was
implemented to transmit the light from the surface laser and to deflect it through 45º instead of
making 45º mirrors on the end facets of the waveguide. The implemented device, called an axis
inverter, was a silicon (Si) rectangular block with an embedded waveguide [2.1]. One side of the
block was cut with a dicing saw and metalized to form the deflecting surface to direct the light
into the polymer waveguide.
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Figure 2.2: Indirect coupling of optical l ight source and the photo detector modules to the opto-
electrical board developed by Siemens.
Figure 2.3: Direct coupling of optical light source and the photo detector modules to the opto-
electrical board developed by Siemens. After [2.38].
2.2.3 IBM optical card to card demonstrator
A card to card optical interconnector was demonstrated by IBM in 2007 in which a VCSEL at
850 nm, was butt-coupled to the waveguide. Their system was designed for 12 parallel channels
operating at 10 Gb/s (120 Gb/s aggregate) in a card to card link. IBM used polyurethane-
acrylate-based polymer and employed laser direct writing for waveguide manufacture [2.14].
The waveguides had various sizes from 30 µm × 30 µm to 50 µm × 50 µm and they designed a
waveguide interconnect layout covering an area of 50 cm × 50 cm. The attenuation of the
waveguide was reported to be 0.03 dB/cm to 0.05 dB/cm due to material absorption. They built a
connector based on the Mechanically Transferable (MT) fibre connector design.
The fabrication of the waveguides and the board with connector alignment features was carried
out in several steps as is shown in Figure 2.4.
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Figure 2.4: First step: FR4 substrate with marker structure (for alignment) on the top. Second
step: Polymer waveguide and a FR4 layer on top of the upper cladding layer. Third step: Substrate
and copper layer are removed by milling. Forth step: Laser is used to remove the resin from the
marker. The laser stops on the copper layer but can go through the resin for XY reference
opening. After [2.14].
Firstly, an FR4 layer was coated in a layer of Resin Coated Copper (RCC) and alignment
features were defined on top of the RCC layer. These features were later used for aligning the
connector (which contained the laser sources and the photodetectors) to the board. In the second
step, the optical polymer waveguides were located using the laser direct writing method and the
waveguides were covered by another layer of FR4. In the third and fourth steps, milling
machines and lasers were used to remove the FR4, copper, and the RCC material where it was
needed to retrieve the markers for the connector alignment [2.14]. Milling and laser drilling were
used to remove the polymer and the resin, to prepare for the alignment technique. Laser milling
is used in a clever way to make a precise opening for aligning the transceiver components and
the embedded polymer waveguides. The method enabled passive alignment as described in
reference [2.14] although the direct laser writing of the waveguides had to be aligned to the first
copper alignment features. The XY alignment and the Z alignment of the connector are shown in
Figure 2.5. The alignment features on the right side of the board shown in Figure 2.5 are used for
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the lateral XY alignment and the alignment in the Z direction was carried out using the left side
alignment features on the board. An accuracy of ±5 µm was reported for alignment of their
connector[2.41].
Figure 2.5: IBM connector alignment into the optical PCB.
2.2.4 Plastic Optical Fibre (POF) for short distance optical interconnections
In 2010, a new method of using POF in optical PCBs was reported by a group of researchers
from the University of Delaware in the United States [2.42]. Optical fibre was used to reduce the
manufacturing cost of optical PCBs and benefit from all the research previously carried out on
optical fibres for other applications. Mechanical machines were used to make grooves in an FR4
substrate to bury the optical fibres inside the designed grooves. To manufacture the OPCB board,
an FR4 substrate with the thickness of 1 mm was used and grooves were milled out using a
computer-controlled milling machine. The depth of the grooves was chosen to be 500 µm with a
width of 250 µm. The plastic optical fibres were placed inside the grooves manually. The fibre
core refractive index was 1.49 at 650 nm and the core diameter was 240 µm with an external
diameter of 250 µm. The optical loss of the core materials was reported to be 0.015 dB/cm. A
low-viscosity epoxy was used to fill the remaining space in the grooves and it was cured to keep
the fibres firmly in the grooves. The interesting point in their work is how they prepared the end
of the waveguide to couple the light into the waveguide. They use a milling tool and cut the end
of the waveguide to couple light into the waveguide by total internal reflection (TIR). Figure 2.6
shows a schematic diagram of the mirror formation at the end of the waveguide.
CHAPTER2: Polymer Waveguide Interconnects for Optical Backplane Review
18
Figure 2.6: Two views of mirror formation in the embedded optical fibre. A: Side view. B: Front
view: the milling tool moves to the right and cuts the end of the waveguide. After [2.42].
As shown in Figure 2.6, the FR4 board with embedded fibres and cured epoxy was turned over
and placed inside the milling machine for mirror formation. They used a milling tool to drill into
the board and cut across in the board perpendicular to the laid out fibres (in plane moving in
Figure 2.6 part A). In this process the end of the fibres were cut with a 45º angle as is shown in
Figure 2.7. In this figure, the fibres are shown after cutting the end of the waveguide and forming
the TIR mirrors.
Figure 2.7: Embedded fibres and the TIR mirrors at the end of each fibre
In their demonstration board, the output of a laser with a wavelength of 650 nm is coupled into a
62.5/125 µm fibre using optical lenses and the other side of the fibre is brought close to the board
with embedded fibres. The output of the fibres is directed into the embedded fibre using another
lens designed for their board. They reported an insertion loss of 3.14 ± 0.32 dB for one
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embedded POF link. The loss of each mirror was reported to be about 1.6 dB. Further research is
required to reduce the loss of the mirrors.
2.2.5 High Speed on-board optical interconnection (Cambridge University)
Cambridge University used polymer waveguides to make an optical backplane [2.43]. They used
Siloxane materials OE-4140 as the core material and OE-4141 for the cladding material
developed and provided by Dow Corning Company. The refractive index of the core and
cladding material is 1.52 and 1.50 respectively at 850 nm wavelength. Photolithography was
used to fabricate the waveguides and the waveguide size was 50 µm × 50 µm with a separation
of 250 µm. A propagation loss of 0.03 - 0.05 dB/cm was reported. The researchers developed,
manufactured and tested several waveguide components including bent waveguides with
different radius, 90º crossing waveguides, and Y shaped power splitter waveguides. Their
detailed results are explained in the next section concerned with waveguide crossings and
waveguide roughness.
2.3 Review of the Crossing waveguides
Complex interconnection patterns in electrical PCBs have to use multiple layers of copper tracks.
However, the same interconnections can be made in a single layer using optical waveguides as
they cross on the same layer. Copper tracks cannot do this as they would short circuit so they
have to use vias to other layers. To achieve an effective and complex integrated optical circuit,
optical PCB designers make use of various elements in their designs such as bends, splitters,
couplers and crossing waveguides. Increasing the compactness of the waveguide structure
reduces the cost of the system as considerably as the available space on the boards is used more
efficiently. Waveguide crossings where two waveguides intersect in the same optical layer are
particularly important components as they offer OPCB layout designers additional flexibility to
solve layout problems such as routing around cutout areas, electrical components and other
obstacles on an OPCB [2.44]. Use of waveguide crossings can also help to avoid sharp bends in
the design as these are an important cause of optical loss [2.44;45]. Despite all of the advantages
of waveguide crossings, and although most of the light travels along the intended waveguide, a
proportion of the optical power in one waveguide will couple into the crossed waveguide after
passing each intersect point (Figure 2.8) or couple out of the original waveguide and into the
cladding. This coupling phenomenon causes optical loss and crosstalk in the system [2.46]. The
CHAPTER2: Polymer Waveguide Interconnects for Optical Backplane Review
20
amount of loss and crosstalk depends on the crossing angle between waveguides [2.47;48].
Consequently the crossings in OPCBs need to be carefully designed to reduce both loss and
crosstalk to improve the performance of the system by reducing the bit error rate.
Waveguide crossings have been investigated in photonic devices [2.49]; for example crossings in
photonic crystals [2.50], single mode waveguides [2.51] and Multimode Interference (MMI)
devices [2.52] are some of the areas where waveguide crossings have a significant role.
However, little research has been reported for the optical loss of polymer waveguide crossings at
angles other than 90º in optical backplane applications.
Figure 2.8: Top schematic view of a waveguide crossing with crossing angle θ .
The optical loss for various angles of crossing was reported by MIC-Department of Micro and
Nanotechnology, Technical University of Denmark [2.46]. In this research, the waveguides were
made of epoxy-based negative photoresist (NANO SU-8 25 from MICROCHEM) and were
photolithographically fabricated. The refractive index of the core material was 1.58 and the
cladding material was 1.47. This structure produces a high refractive index contrast (Δ n = 0.11)
between the core and the cladding material. The maximum size of the waveguide reported in this
research was 40 µm × 40 µm. The optical loss for crossing angles of 25º, 35º, 45º, 55º and 90º
was measured. They achieved an optical loss of less than 0.03 dB for the 90º crossing and 0.25 ±
0.03 dB for a 25º crossing and 0.05 ± 0.03 dB at a 55º crossing angle [2.46]. This research is
relevant for high step index contrast waveguides but is not applicable for most of the polymer
waveguide backplanes as the refractive index contrast of 0.11 used in this work is much larger
than the typical 0.01. Apart from this, another important fact in this work is that they used a
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halogen lamp as the light source which was coupled into a fibre and then coupled into the
waveguide. The halogen lamp was used as they tried to find the relationship between the optical
loss and the input wavelength. This is interesting but not applicable for most of the polymers as
most polymers are used at a wavelength where they have their lowest loss. Using polymers at
other wavelengths reduces the efficiency of the system.
Cambridge University measured the optical loss for the crossing waveguides [2.43]. The
structure of the waveguides fabricated in this group was explained in section 2.2.5. They only
measured 90º angle crossings and achieved an average loss of 0.01 dB. Researchers at IBM
Zurich reported an optical loss of 0.02 dB for 90º crossings [2.53]. DaimlerChrysler waveguide
researchers measured a 0.08 dB loss for 90º crossings. The optical loss in this research was
higher than that of Cambridge and IBM because their waveguides had a larger cross section area
of 200 µm ± 20 µm.
Takashi Sakamoto with his group in Japan have published their work on crossing loss in
multimode waveguides where tens of waveguides crossed each other [2.54]. In their research, the
optical loss at crossing angles of 30º, 45º, 60º, and 90º was investigated experimentally. However
their aim was to find the crossing angle which had the lowest optical loss so they concluded that
a minimum crossing loss was obtained for 90º crossings and used this crossing angle in their
design.
Crossing waveguides in semiconductors and other doped materials has been investigated
[2.47;50] mainly concentrating on silicon-based waveguides [2.48;49;51;55]. However, this
research is concerned with finding the optical loss in a particular waveguide with a particular
structure. The crossing structure strongly depends on the manufacturing process and the material.
In addition, it depends on the distribution of the power before the wave front impinges on the
crossing area. Therefore, the optical crossing and the optical loss will be different if the prior
section to the joint is a bent waveguide, another crossing, or a straight waveguide [2.44;56].
No research has been reported on modelling of waveguide crossings and comparison with
experimental measurements which can lead to a deeper understanding of the behaviour of light at
a crossing. This thesis addresses this by the new research in this area reported in chapter 7.
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2.4 Review of Waveguide End Facet Roughness
For polymer optical waveguides interconnect technology to become widespread, the cost must be
minimised [2.57] so that it can displace the incumbent copper track technology. The most costly
parts are the input and output connectors [2.58]. Single mode waveguides have small core
dimensions of typically less than 9 µm and so very precise active alignment in 6 axes (3 linear
stages and 3 rotation) is required to align the socket to the waveguide and the plug to the optical
source or detector. The socket and plug must be manufactured to tight tolerances and designed to
allow precise mating. In order to avoid these costly procedures and the increased misalignment
tolerance of a system, wider multimode waveguides are used in preference to single mode
waveguides [2.45;59] and the waveguide cores are typically 50 – 100 µm. Even so the
connectors have to be sufficiently well-aligned in the six axes as these can still cause additional
loss [2.45].
To develop low cost manufacturing techniques for integrated OPCBs, the coupling efficiency
between the waveguide and the laser source is very important as it affects the optical power
budget and the bit error rate [2.60]. The coupling efficiency depends on the roughness at the end
facet of the waveguide, the lateral and transverse alignment of the waveguide to the laser
[2.61;62] and the refractive index difference between the medium of the laser and the core
material. The end facet profile of the waveguide depends on the method and the parameters used
for cutting the waveguide [2.62]. The roughness at the end facet of the waveguide causes
scattering of the incident light, thus, causing optical loss. Theoretical and experimental
investigations of light scattering from rough surfaces have been studied by different research
groups. Multiple scattering and enhanced back-scattering is the result of large amplitude
roughness (this is when the correlation length (T) (the full width half maximum in squared
autocorrelation function) of the roughness is much larger than the incident wavelength and the
root mean square (RMS) height (σ) of the roughness is smaller than the correlation length)
[2.63]. In this case, the incident light is scattered into a larger angle region compared to the
incident angle [2.64-67]. Other numerical experiments have shown that the minimum reflected
intensity is shifted toward the lower incident angle, so the lower incident angle causes less
reflection [2.68;69]. It has also been shown that the total diffracted energy increases with the
depth of the grooves[2.70]. For large σ, the back-scattering peak increases as σ/T increases and
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M. Soto [2.63] shows that for a fixed T the scattering intensity distribution becomes broader with
increasing σ. In this case, the distribution reaches to the Lambertian then by increasing the σ
backscattering is increased [2.63]. When the correlation length is comparable to the wavelength
of the light the surface is addresses to be slightly rough surface[2.71-77]. In this case the main
effect of roughness is reflection loss, broadening of the scattered light and reduction of the
Brewster angle [2.73].
The surface roughness of the end facet of the waveguide should, therefore, be treated in order to
achieve a very small surface fluctuation. Maystre shows that the scattered field vanishes when
the surface roughness is reduced to a perfectly flat surface [2.68]. Ideally, the surface roughness
magnitude should be zero and the correlation value infinity, however, this is not possible in
practice as surface fluctuations are always present on any surface. The scattered light (if it is not
reflected back) enters the waveguide with a larger refracted angle (the scattered angle is larger
due to the scattering and based on Snell’s law) which causes more loss as it does not satisfy the
total internal reflection condition[2.76;78;79]. Based on physical optics principles, the scattered
light is coupled into the higher order modes of the waveguide [2.80;81]. The scattering from the
end of the waveguide, therefore, causes less light to be transmitted into the waveguide.
In OPCB demonstrators, the daughter board is connected to the backplane with various methods
such as butt-coupling (in-board coupling) [2.60], using 45º mirrors (out-of-board coupling)
[2.38], or TIR coupling [2.42] for laser-waveguide coupling. The important issue that is shared in
all of these results is the concern about the coupling efficiency due to the surface profile of the
waveguides and mirrors.
Several methods and types of equipment have already been used by different groups in their
demonstrations and waveguide sample preparation including dicing saws [2.53], laser cutting
and milling [2.14;82;83]. Some groups use polishing after cutting [2.84;85] or design the
backplane using a different approach such as the use of 45 degree mirrors [2.86-88].
Nevertheless, in any method or approach which is applied to optical backplane manufacturing,
roughness is always a problem as it reduces the light coupling efficiency in the backplane [2.82].
A dicing saw is commonly used by engineers to cut waveguides and the end facet roughness
depends upon the dicing saw grit size and rotation and translation speed of the cutter [2.68;89].
The use of a milling router to cut the board was considered as this is less likely to cause damage.
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It is also easy to control as it uses a CNC machine and any range of cuts and shaped apertures are
possible without causing any damage to the board. Milling routers have been used for cutting
polymer [2.90;91]. However, the surface profile left after milling polymer waveguides on
backplanes has not been previously investigated and it is essential to have information on the
roughness produced [2.42]. Milling routers have been previously used for cutting waveguides in
plastic, polymer and glass and a roughness investigation is important for the OPCB industry
[2.42]. No one has considered the effect of the milling router on the roughness of the end facet of
polymer waveguides. PCB manufacturers use milling routers for cutting PCBs. Some researchers
have suggested that cutting OPCB boards by using a router will give a very smooth surface if
this were followed by subsequent thermal polishing or annealing [2.42]. Thermal polishing
means applying heat to the end facet to smooth the roughness. These are just suggestions and no
one has measured the roughness after using milling routers or has investigated in depth by
experiment or modelling. There has also been some research on waveguide sidewall roughness
as this may be the main contributor to propagation loss [2.92;93], and some of the research has
been on single mode waveguides such as Si on SiO2 waveguides. These waveguides differ from
multimode polymer waveguides used for optical board to board interconnections in several
aspects such as the waveguide material, refractive index contrast, fabrication technique and
waveguide properties [2.93;94].
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Chapter 3: Waveguides, Lightguides and Lightpipes
in Laser-illuminated Display Systems Review
3.1 Introduction
In this chapter, previous research on the use of optical waveguides in laser display systems is
reviewed. Laser-illuminated displays have been under development since shortly after the
invention of the first lasers in 1960 and many companies and researchers have developed
systems which use lasers as the light source. There is considerable interest in laser-based
projection displays due to their advantages of expanded colour gamut, high resolution and longer
life time (compared to displays using ultra high performance (UHP) lamps as their illumination
source) [3.1-3]. Lasers benefit from excellent monochromaticity which provides the high colour
gamut and their beams are polarised so they can be very efficient when used in conjunction with
liquid crystal components. They have a long lifetime and their power output does not degrade
over time so the image remains high quality throughout their life span. However, most of these
advantages come at the expense of cost, size and speckle [3.4].
Despite the benefits of laser-based display systems there are currently not many laser displays on
the market. Mitsubishi reported a system called ‘Laser Vue’ [3.3] where they made their own
lasers; it was on the market for a short time but they stopped producing the lasers for no clear
reason. Other companies such as Sharp, LG, HDI and Sony have their own systems for laser
display projectors [3.3]. Barco Technology has reported a light engine with 300 lumen output
using lasers made by OSRAM and Oxxius [3.5]. Figure 3.1 shows a picture of the Barco display
system in operation.
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Figure 3.1: The laser projector demonstrated by Barco Technology[3.5]. The picture in the top left
corner in the image is projected by a laser based projection system.
These systems, along with several other designs and patented systems [3.6-11] show great
potential for this industry despite the inherent problems mentioned.
The problem with using lasers as the light source are the high price and the low efficiency. The
price of a laser principally depends on its power and the price increases considerably when the
optical output is more than a few milli-watts. There are different types of laser with the output
wavelength in the visible range of the electromagnetic spectrum but not all of these are high
power (high power in this thesis is defined as an optical power of more than 1 W for each colour)
or are suitable for display applications. Argon lasers are able to provide high optical output
power but are not suitable due to their large size and low efficiency [3.12]; the lasers are large
(the length of the laser is about one metre for the 2-3 W laser) as the gas tube needs to be large
due to the need for pumping and the demand for high optical power output. Solid-state lasers and
diode lasers are the preferred candidate in display applications as they are capable of producing
sufficient power as well as keeping the module compact and having good beam parameters.
Diode pumped solid-state (DPSS) lasers are able to produce the necessary optical output with a
high beam quality, however, the price of these lasers is high compared to other available
illumination systems such as discharge lamp or LED systems [3.3]. This makes them unsuitable
for commercial applications.
Another problem with laser-based display systems is speckle which is due to the high degree of
coherence of laser light. Spatial and temporal speckle patterns reduce the image quality by
producing an image with a granulated pattern. Speckle is an optical phenomenon due to the
interference of multiple overlapping coherently related waves in a volume of space such that they
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add constructively and destructively to give random patterns of bright and dark spots. The
multiple overlapping waves can be caused when coherent light is scattered or reflected from a
rough surface or transmitted through a rough or diffractive surface or when coherently related
beams arrive in the same volume of space at different angles. If the wavefronts of the
intersecting beam have passed through some randomly phase perturbing medium such as
convection currents in air, the interference patterns will be random and may change in time if the
perturbing medium changes in time. The degree of coherence quantified by the coherence length
or coherence time is inversely proportional to the laser spectral bandwidth [3.4;11;13;14].
Another drawback of using lasers as the light source in the display system, in particular, for
home display systems, is laser safety. The lasers need to be high power to provide sufficient
optical energy at the output so the safety issues of using lasers in contact with human users are
more considerable. All the lasers used in display projectors are in class three or four laser safety
categories due to the power required. The main hazards of the lasers are the effects on the human
eye and skin; lasers can damage the cornea and retina, can cause permanent blindness [3.15] and
also can burn the skin and cause other problems such as inflammation or even skin
carcinogenesis if there is IR or UV leakage from the laser. Lasers in display systems should be
filtered for UV and IR radiation but there might still be some leakage, particularly with IR
frequency doubled lasers [3.3;15].
There are several solutions proposed to solve the various drawbacks of using lasers, for example;
improving the optical design to reduce the optical losses to increase the efficiency of the system
and using several different mechanical and optical methods to remove the speckle.
Laser safety, speckle reduction and efficiency of the system are affected by introducing optical
waveguides into the light engine of the display system. Optical waveguides have previously been
used in display systems but new methods of using them, specifically in 3D display systems, have
not been investigated [3.16;17] and form the subject of the new research reported later in this
thesis in which new solutions to the problems created by using optical waveguides are
investigated.
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3.2 Review of Using Waveguides in Display Systems and Power
Homogenisation
Optical waveguides have been used in many industries and the display industry is one area where
there has been increasing penetration in recent years. Fibre bundles have been used as
integrators for projectors with laser or LED illumination [3.18;19]. Kai Wang and David R.
Selviah at UCL introduced a liquid crystal display, LCD, colour-separating backlight that
optimised efficiency by inserting a micromirror array within a light guide [3.20]. Waveguides are
used to transfer light and increase the efficiency of the light engine by preventing light loss. The
waveguide gathers the emitted light in all directions around the light source and delivers it to the
designed apertures. Total internal reflection in the waveguides or light pipes is used to achieve
colour and power uniformity [3.21;22]. Tapered waveguides have been investigated to increase
uniformity in the light delivered [3.7;23] and power splitting and combining have been
performed using circular waveguides such as larger optical fibres [3.24]. Fibres of lengths from a
few millimetres to one metre have been used as well as lightguides and waveguides of
rectangular or circular cross section [3.25].
Advances in projection displays and growth in display applications has demanded more
miniaturisation in micro-projection displays which are flexible and can be adapted to different
shapes and implemented in other devices such as a smart mobile phones[3.26;27]. Micro electro
mechanical systems (MEMS) are able to provide high definition frames and digital micro-mirror
devices (DMD), that are examples of MEMS components, have already been employed in digital
light processor (DLP)-based projectors [3.28;29]. Scanning micro-mirror projectors (SMP) are
another example of MEMS devices employed in micro-projectors [3.29-31]. SMPs employ a
colour combiner and modulated light source and recently a commercial compact SMP which can
be implemented in a mobile communication device has been introduced by MicroVision [3.32].
The colours are combined by a dichroic prism in these pico-projectors and this limits the
reduction in overall size. Waveguides have been used to form an active electro-optically
modulated, integrated-optical colour mixing device [3.33]. In Figure 3.2 the lasers are coupled
into single-mode channel waveguides and are mixed after modulation by electro-optic Mach-
Zehnder-Interferometer (MZI) modulators.
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Figure 3.2: Colour image generation using an integrated optical three-colour mixing waveguide
[3.33].
In a similar colour mixing arrangement (Figure 3.3), single-mode channel waveguides are used
to combine three RGB lasers into a single waveguide. The waveguides are made of SU-8 which
is an epoxy based photoresist material and the light is coupled into them and then combined by a
3×1 planar waveguide [3.29]. The colour temperature can be adjusted by adjusting the R, G and
B luminance of the light sources.
Figure 3.3: Three-colour mixing waveguide device used by Ju-Nan Kuo in an optical projection
display system. Lasers are coupled into the waveguides by using single-mode fibres [3.29].
Optical waveguides are suitable for micro-optic or nano-optic technologies. Flexible waveguides
can be used as a colour combiner and due to the flexibility of the device they can be designed to
be embedded in any display structure [3.34]. Despite highly sophisticated technological
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achievements in optical fibres and waveguides, most of the work carried out has been in IR
optical communication applications and very little has been reported in visible spectrum
applications. Recently a fibre optic colour synthesizer (FOCS) based on a 1×3 hard plastic
cladding fibre (HPCF) coupler which can be used in a micro-scanning display has been reported
by Y. Jeong [3.35]. However, all of the fibre optic colour synthesizer or waveguide colour
synthesizer methods that are explained in references [3.29;36;37] that use single-mode
waveguides and have reduced coupling efficiency due to their small cross sectional size.
Single mode fibre optics have been used for homogenization in research by Xijia Gu where an
optical fibre with a Long Period Grating (LPG) for changing a Gaussian beam into a top hat
profile is used[3.38]. In this research, the LPG is used to couple the core modes into low order
modes in the cladding to achieve a uniform intensity away from the fibre by interfering these two
modes. This work has been carried out in the IR region.
Slab waveguides have been considered for homogenising high power laser diodes [3.39]. In this
research a source with 200 µm width is used in a ray tracing simulation and its light is coupled
into a slab waveguide with 10 mm width and 200 mm length. They conclude that achieving
homogenised output using a waveguide is more independent of the original laser beam compared
to using micro-optics and also there is better conservation of the beam quality after
homogenisation. However, the micro-optics are smaller compared to the slab waveguide that
they used which had dimensions of 10 mm × 200 mm. The laser comprised a diode laser array
with emitters arranged in a row and a set of mirrors to rearrange the laser beam [3.39]. The
results show good homogenisation (94 %).
Waveguides have also been used as mode scramblers for changing Gaussian beams into a top hat
profile [3.40] and in another device called Kaleidoscope, light pipes are used for changing the
profile of a Gaussian laser into a more uniform intensity distribution. High power lasers (2 kW
CO2 laser) were used in this work and the light pipe was 5.28 cm × 11.18 cm × 94.5 cm. Figure
3.4 shows a schematic diagram from the system. As shown in this figure, a lens system is used to
diverge the laser beam and then it is homogenised by propagating inside the waveguide.
Waveguides of this size are not justified in display systems.
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Figure 3.4: Kaleidoscope used for homogenizing a high power laser beam
Research has been carried out on waveguides for head mounted display (HMD) systems in the
South University of Taiwan in collaboration with the University of Washington[3.16]. HMD
systems are mounted on the head of the viewer and are worn like a helmet or glasses. They can
be referred to a micro-displays as the optical and image forming system must be compact.
Reducing the dimension of the display system is always beneficial in this application as it is
lighter and more comfortable, however, reducing the size always comes with several difficulties
such as possibly reducing the number of pixels and increasing diffraction which reduces the
resolution of the image [3.16].
The group in Taiwan used an optical waveguide to develop a 2D display system using a micro-
fabricated polymer-based cantilever waveguide. In this system, output light from a LED is
coupled into an optical fibre which is connected to a specially designed waveguide. This is
connected to a piezoelectric crystal which is triggered by an FPGA (field-programmable gate
array) unit and voltage amplifier. The piezoelectric device is connected to the waveguide and
performs as a scanner. The FPGA unit modulates the LED and sends a signal to the piezoelectric
device to synchronize a raster scan to display the image created by the modulated LED. The
waveguide is made of SU-8 which is an epoxy based photoresist [3.41] and the cross-section of
the waveguide was 54.4 µm × 102.8 µm. This is relevant to the research in this thesis but the
extension to use a laser source would create an additional speckle problem which would need to
be overcome.
Ritsumeikan University in Japan has used waveguides as part of backlights for flexible displays.
Their waveguides are layed out in a spiral shape and the light leaks away from the waveguide by
fabricating several grooves on its surface [3.42]. They used a plastic optical fibre as the flexible
waveguide [3.42] which was embedded in a spiral trench made on an Acrylate plate substrate
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(Figure 3.5). The light was coupled out from the fibre at each of the grooves and a diffuser plate
was used to make the illumination uniform with the grooves on the surface of the fibre acting as
an array of point sources. Following the work of Kai Wang and David R. Selviah at UCL [3.20]
who first proposed to put mirrors inside of lightguides, they also designed a branching planar
waveguide with reflectors inside it to redirect the light outwards. This design was different to the
spiral shape and effectively worked as a power divider and power distributor.
Figure 3.5: Cross section of a backlight using an optical fibre with several grooves (left), light
emitted from a spiral fibre(right). The picture on the right was taken from ref. [3.42]
However, the difficulty of making the reflectors, grooves and inserting and aligning the
waveguide means the fabrication cost will be high.
Eyal at Tel Aviv University in Israel attached a planar waveguide to an optical fibre by pressing
a multimode fibre between metal plates while heating it [3.43]. They manufactured the
waveguide for a different application (for 10.6 µm wavelength) but what makes the work
interesting here is that the planar waveguide was already pigtailed and the fibre coupling and
means for aligning and attaching the fibre to the waveguide is not a concern. The problem with
this configuration and method is that if the waveguide is to be multimode with a large diameter,
such as required in chapter 5 (10 mm × 100 µm), the optical fibre must be large which reduces
the flexibility of the system.
Waveguides in the form of light pipes, optical fibres, or specially designed glass or polymer
waveguides have been used by researchers for power homogenisation, optical power
transformation/distribution and colour combination. Chapters 8 and 9, describe our new research
in which a slab waveguide is used with multi-emitter high power lasers to combine colours,
homogenise the beams and shape the beams as well as reducing the perceptible speckle at the
output of the waveguides.
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3.3 Review of the use of Waveguides for Reducing Speckle in
Display Systems
The investigation of speckle is of importance in laser illuminated displays and is of more general
use in other fields such as telecommunications. When coherent light, such as a laser beam is
reflected from (or transmitted through) an optically rough surface, such as a paper, a wall or a
screen, the scattered/transmitted light presents a fine granular structure in the intensity
distribution. These fine-scale fluctuations of the intensity caused by interference effects, due to
the coherence of the light source, are called speckle. The speckle is caused by differently angled
rays or waves overlapping and constructively and destructively interfering in a volume of space
[3.44]. Speckle tends to be distinguished from diffraction patterns, holograms and other coherent
interference patterns in that it appears to be random and to have a fine granular structure and in
some cases may move or change pattern as function of time. Speckle has a profound effect on the
information that can be extracted from an image as it reduces the quality of the pictures by
randomly modulating the intensity. Speckle can be disturbing to viewers of laser illuminated
displays distracting their attention from the actual image being displayed. This is particularly a
problem when the speckle moves or drifts very slowly but noticeably across the image.
For laser display systems, a major barrier to achieving high image quality is the laser speckle
pattern so various methods have been tried to reduce the speckle contrast. Theoretical and
experimental research, related to speckle patterns and different reduction methods, are explained
in the literature [3.45-77]. Reduction of speckle contrast has been proposed using the following
methods: widening the laser bandwidth [3.45;46;78-80], using a fibre for illumination
[3.66;81;81], using a fibre bundle [3.65], superposition of a pulsed laser [3.61], diversity of space
and wavelength with a spectrometer [3.60], modulation of a laser diode with the help of an
optical feedback effect [3.57-59], using broadband continuous wave laser, a moving aperture
[3.57;58], a moving diffuser [3.46], vibration in a fibre [3.46;56;72;82], liquid crystal [3.45;72]
and many other methods.
Depending on the situation, more than one method may be required to reduce the speckle
contrast to below the threshold of speckle perception by the observer. Contrast is a measure of
the strength of the intensity fluctuation in the speckle pattern. Multimode waveguides support
several modes which are different distributions of the power inside the waveguides. The
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electromagnetic field propagating inside the waveguide is formed from the superposition of
several individual modes [3.83;84]. Each mode propagates with its own generally different
velocity inside the waveguide. From a geometrical optics point of view, various rays of a beam
are coupled into a multimode waveguide with different angles to the axis of the guide. These
rays propagate inside the waveguide along different paths with different path lengths thus giving
a range of phase delays at the output of the waveguide. Therefore, as long as the phase delays
between the modes are less than the coherence length of the light, the superposition of the rays
produces an interference pattern. Each point of the optical field at the output of the waveguide is
the superposition of several modes with different phase shifts. The number of the modes in a
multimode step index fibre is:
ܯ = 2൬ߨ (ܽܰܣ)
ߣ
൰
ଶ
Where a is the radius of the fibre core and, λ is the wavelength of light, and NA is the numerical
aperture of the fibre which is related to the refractive index different between the core and
cladding material of the fibre.
A fibre with a higher numerical aperture or a higher ratio of core radius to the wavelength of
light contains a larger number of modes [3.85]. Speckle patterns in the beam output from an
optical fibre are important and have been studied for displays [3.45], biotechnology applications
and tomography[3.86], holography[3.87], and modal or speckle noise in data communication
links [3.88]. The coherence of light and the effect of a waveguide on the coherent light has been
investigated since just after the invention of the laser [3.89]. Joseph Goodman investigated the
speckle phenomenon in optical fibres, principally with regard to modal or speckle noise
considerations [3.44;90]. Reduction of the speckle contrast by shaking the fibre and using mode
scrambling techniques has been also reported [3.69;88;91]. Ultrasound transmitters have been
used to reduce speckle in optical fibres[3.92], speckle patterns have been studied in both
multimode step index fibre and in graded index fibres [3.85;93] and interesting work by
Crosignani explores the relationship between the spectral bandwidth of the optical source and the
length of the fibre on the speckle visibility [3.94]. Arranging for light sources having changing
wavelengths or using light sources with wider spectra is another way to reduce the speckle either
in fibre optics or in free space due to wavelength diversity[3.48].
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Waveguides in the shape of light pipes have been used in conjunction with diffractive optical
elements [3.95]. Light pipes were used to homogenize the output beams to give several
uncorrelated speckle patterns. The speckle contrast of a multimode fibre and so the modal or
speckle noise, has been investigated by Maystre in terms of the effect of the source spectrum for
step index and graded index fibres [3.96]. It was shown that as the light becomes depolarised in
the multimode fibre the speckle contrast is reduced by 21/2. They also investigate the reduction of
modal or speckle noise in long fibres due to loss of the coherence. They found that the reduction
depends on the width of the individual longitudinal modes rather than the total width of the
spectrum of the laser source [3.96].
Optical fibres are also used in the research of Toshiaki Iwai [3.45]. He carried out a
mathematical investigation into speckle in coherent systems and used a rotating optical fibre
(Figure 3.6) to reduce speckle noise by control of the spatial coherence. They also use a vibrator
to shake the fibre.
Figure 3.6: Schematic diagram of the experiment configuration for reducing speckle noise by
rotation of a multimode fibre.
Most of the work on speckle in optical fibres suggests reduction methods such as vibrating the
fibre in order to vary the speckle pattern with time. What is lacking is the investigation of the
effect on speckle contrast reduction of waveguides with different sizes, and also discussions on
the reduction of speckle contrast in display systems and other applications.
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Chapter 4: Polymer Waveguide Optical Backplane
UCL Research Review
4.1 Introduction
Chapter 2 reviewed and explained some of the polymer waveguide optical backplane systems
developed and demonstrated by various research groups around the world but excluded most
research on this subject carried out at UCL. This chapter concentrates on reviewing the past
research carried out at UCL on polymer waveguide optical backplanes. This research review has
been put in a separate chapter as it is particularly relevant to the new research reported in this
thesis and is described so that the new aspects of the new research reported can be clearly
distinguished from earlier research carried out at UCL. However, the author of this thesis was
also involved in this past work and so the author’s contribution is also acknowledged where
appropriate. Although this chapter concentrates on the research carried out at UCL some of the
research was carried out in collaboration with several industrial companies and universities
including Xyratex Technology Ltd., Exxelis Ltd., Loughborough University, Heriot-Watt
University and the National Physical Laboratory (NPL). So related research by these
collaborators is also reviewed in this chapter. The overall goal of the research was to develop
polymer waveguide technology into a more advanced state whereby it could be used to make an
optically interconnected demonstration rack system meeting real industrial constraints with
collaborator Xyratex Technology. In this way, the problems being solved would be of direct use
to industry and would help to overcome problems and obstacles standing in the way of
widespread use in optically interconnected products. The aim was to develop an optical printed
circuit board to operate in excess of 10 Gb/s for board to board optical communication.
Two particular polymers developed by Exxelis and Dow Corning were investigated for
fabrication of polymer waveguides. These polymers had been developed to have a low (0.05
dB/cm) absorption coefficient at 850 nm. Therefore, for use in the demonstrator, the light source
was chosen to be an array of VCSELs with output wavelengths of 850 nm. VCSELs (vertical
cavity surface emitting laser) also have the advantage of low cost and small size (the cost of a
VCSEL is less than one dollar) and photodiodes (PD) were used in the receivers. A variety of
different waveguide fabrication techniques were developed by the project partners:
photolithography (Exxelis Ltd, Dow Corning Corporation), direct laser-writing (Heriot-Watt
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University, Varioprint and IBM Zürich), laser ablation (Loughborough University), and inkjet
printing (Loughborough University) [4.1-3].
Each waveguide, which connects two boards, may contain several bends, crossings and taper
sections and may suffer from optical loss and crosstalk [4.4-6]. To quantify the loss and to
estimate and design the overall performance the optical loss was measured of each waveguide
component. This enabled waveguide design rules to be established for each fabrication technique
with the aim of incorporating them into the Cadence commercial automatic design rule checker
and constraint manager layout software. Such software is in regular use by PCB designers for
laying out copper interconnected boards. Therefore, by including optical design rules for
waveguides the PCB designers could easily include optical connection layers without detailed
knowledge of the optics involved. The optical board layout could then be optimised to minimise
the waveguide optical transmission loss and optical crosstalk; this is the first time this has been
done for integrated design and layouts for both electronic and photonic interconnects.
It should be clarified that the author of this thesis was involved in the design and measurement of
the waveguide components in order to find the design rules. Most of the components were
simulated using the beam propagation method (BPM) to compare the results with the
experiments. The main person designing the waveguides and in charge of the experiments was
Kai Wang, however, the work described in Chapters 6 and 7 on the crossing waveguides and end
facet roughness was carried out by the author.
Figure 4.1 shows a schematic diagram of the rack based backplane interconnect concept for the
demonstrator and a photograph taken from the daughter boards looking towards the separate
electrical and optical backplanes used in the previous so called “StorLite” demonstrator made by
Xyratex and UCL. The aim was to extend this to design and demonstrate a single hybrid optical
and electrical backplane. In this concept, both the lasers and photodiodes are attached to and
powered from the daughterboard. The daughterboards clip into the backplane at special
connectors which enable the lasers and photodiodes to couple directly to the backplane
waveguide by butt coupling. This has the benefit of avoiding the need, fabrication cost and loss
of 45 degree mirrors as described in chapter 2 but is at the expense of the difficultly of
automatically aligning the lasers and photodiodes to and from the waveguide each time the
daughterboards are plugged in and out to very tight tolerances. However, UCL invented a low-
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cost method for passive self-alignment of the laser source and photodiodes to the waveguides
[4.1;7;8].
Figure 4.1: Schematic diagram of the arrangement of the daughterboard and the back plane (left
(drawn by David Selviah)) and the actual daughterboard connected to the backplane (right (picture
was taken by Richard Pitwon)).
In the new demonstrator, called the FirstLight Demonstrator, the aim was to fully interconnect
four daughter boards in both directions by optical interconnections implemented on the
motherboard/backplane. The waveguide layout was designed at UCL by Kai Wang using the
established optical design rules in computer-aided design (CAD) with Cadence commercial
software. The design included waveguides with different separations, bend radius and angles of
crossing including bends crossing straight waveguides and bends crossing each other. To the best
of our knowledge, this work has not been undertaken previously by any other group and pushes
forward the boundaries of this technology. The designed waveguides were manufactured by
other partners and were then measured and characterised at UCL. They were shown to operate in
good agreement with optical insertion losses close to those predicted and gave error free data
transmission beyond 10 Gb/s.
In this chapter, one type of waveguide fabrication, namely photolithography, is explained and the
design of the optical PCB is described. As the optical loss in the waveguides depends on the
waveguide components and their shape used in the optical route from the optical source to the
receiver, the different types of optical loss in the waveguide making up the insertion loss are
reviewed. UCL has taken a particular lead in subdividing the insertion loss in this way [4.5].
Several techniques for simulation of propagation of light through waveguides are overviewed
CHAPTER 4: Polymer Waveguide Optical Backplane UCL Research Review
55
and one that is made particular use of in the new work in Chapters 6 and 7 in explained in more
detail together with its limitations. The chapter goes on to describe the experimental
configuration used for testing and analysing the waveguides and finally some relevant
performance characteristics of VCSELs are described.
4.1.1 Photolithographic Fabrication Technique
In this research, waveguide samples were manufactured by different methods. Laser direct
writing was used in Heriot-Watt University, laser ablation and inkjet printing were used by
Loughborough University and Exxelis used photolithography. Although the author was involved
with measurement of all of the different types of waveguide, the waveguide samples used in the
new work reported in Chapters 6 and 7 were photolithographically fabricated by Exxelis.
Therefore, this section concentrates on the photolithographic manufacturing process.
Waveguides were made by photolithography due to the good quality of the resulting
waveguides. Laser ablation and inkjet printed waveguides were also investigated in order to find
the best parameters for manufacturing them and laser direct-written waveguides were used too to
compare the results of the waveguides manufactured by different methods.
Waveguides were made of polymer and for the core and cladding material two UV curable
Polyacrylate transparent polymers called Truemode® with different formulae (to achieve
different refractive indices) developed by Exxelis were used. The manufacturing process is
illustrated in Figure 4.2.
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Figure 4.2: Schematic diagram of the process for manufacturing the optical interconnections using
the photolithographic method.
Waveguide fabrication started with spin coating a liquid lower cladding polymer material (130
rpm for 30 seconds) on an FR4 (glass reinforced epoxy) substrate at an optimized acceleration
rate to achieve a uniform typically 50 micron thickness of the lower cladding layer. A 350 nm –
450 nm UV light source was used to cure the lower cladding polymer; the exact wavelength
being dependent on the particular formula of the polymer used for the cladding. The cured lower
cladding material was then baked for 30 minutes at 100° C in a baking oven to remove the
solvent residuals. (The curing process in this fabrication method was taken place inside a
nitrogen chamber where the polymer is covered with a layer of nitrogen gas (N2) called nitrogen
blanket).
Secondly, the liquid core polymer material is spin coated on the top of the lower cladding by the
same process as the cladding deposition. A custom-designed e-beam high-resolution mask is
aligned with the wafer using a UV mask aligner. The e-beam mask is more expensive than a
photomask but minimizes digitization problems from the mask fabrication, especially along
bends, due to its finer resolution [13]. The non-smooth edges of the mask cause waveguide wall
roughness [4.5]. The wall roughness at the edge of the waveguide patterned on the mask is
thought to be the principal source of loss and crosstalk between two adjacent waveguides [4.9].
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Reducing the space between the mask and the liquid core material to 100 µm during the UV
exposure, avoids physical contact with the material while minimising spreading of the light
through the mask. The wafer is covered by nitrogen gas for 1 minute to exclude oxygen. The
core layer is then exposed to UV light through the patterned mask to cure the polymer and any
remaining uncured polymer material is washed away after the curing process. An additional two
minute, 15 mW/cm2, UV exposure completely polymerized the waveguides. Finally, the same
technique used to deposit the lower cladding layer is applied to deposit and UV cure the upper
cladding which fills in the gaps between the core polymer waveguides and also coats them above
to a thickness of 50 microns.
Figure 4.3: End facets of 50 µm × 50 µm straight photolithographic manufactured waveguides
photographed through a Nomarski Microscope using both back and front light i llumination.
Figure 4.3 is a photograph of the end facet of a polymer waveguide array observed through a
Nomarski microscope. The refractive index of the core was 1.5560 and slightly higher than the
cladding index of 1.5264 giving a theoretical numerical aperture (NA) of 0.302 (NA= [n2core -
n2clad ]1/2 ). The waveguides analysed and reported in this research have 50 μm thick cores unless 
otherwise stated and the pitch between two adjacent waveguides is 250 μm. The Truemode®
polymer previously used in 1 m spiral waveguides, gave a propagation loss of 0.08 ± 0.02 dB/cm
at 850 nm.
4.2 Optical Backplane Designed for 10 Gb/s Interconnection
FirstLight Demonstrator
In this section, the optical design of the backplane used for high data rate (10 Gb/s)
interconnection is explained and the problems which needed to be overcome in the design are
described. It should be clarified that the author was involved in the design and testing of the
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board but the main person who designed the board was Kai Wang with David R. Selviah. The
backplane was designed to accommodate 4 daughter boards connected into the Optical Printed
Circuit Board, OPCB backplane (Figure 4.4) and communicate with each other in both directions
via the backplane.
As shown in Figure 4.4, there are four identical rectangular optical engagement apertures in the
middle of the optical board for insertion of connectors from the 4 daughter boards. These allow
four daughter boards to be integrated each having 4 high bit rate (12.5 Gb/s) optical transceivers
that are engaged at right angles to the OPCB backplane. All of the four line cards, or
daughterboards, are interconnected by a point-to-point waveguide network, whereby every
optical transceiver is connected to 3 transmission waveguide channels and 3 reception channels,
resulting in a total of 12 waveguides on the board. There are two main advantages of this design:
Firstly, all of the optical interfaces were designed to face the same direction and to be identical to
each other so that the line-cards are interchangeable, therefore, significantly reducing the
manufacturing and maintenance costs as any line-card can be plugged into any engagement
aperture without special modification and this is what is required in an industrial rack system
product. Secondly, the OPCB is very compact as the line-cards are closely spaced to meet the
design specification of a highly populated storage bridge bay. There are also some restrictions on
the design based on the configuration of the backplane and the daughterboard. It should be
remembered that the system is designed for the optical sources and photodiodes to be attached to
the daughter-boards and directly butt-coupled to the waveguides implemented on the backplane.
Waveguides have to bend almost immediately after short straight sections in order to avoid other
connectors. The waveguide structures need to be designed carefully according to the design rules
to minimise the optical loss in every waveguide section and to keep the aggregate optical loss of
each optical interconnect below the minimum bit error-free sensitivity of the optical receiver.
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Figure 4.4: Optical PCB board waveguide interconnect . The three white rectangles are the cut out
connector sites where the daughter boards are plugged into the board.
The design of the board and the waveguide routes between the lasers and the receivers must be
considered carefully as the layout configuration of the waveguides will affect the optical loss in
the system. Figure 4.5 shows the schematic diagram of the optical interconnect layout. Linear
arrays of 4 VCSEL and 4 PDs on a centre-to-centre pitch of 250 µm were arranged to match the
12 waveguides. (The VCSELs and PDs are purchased as a package of 4 unit in one array. The
forth one is not in used)
Figure 4.5: Schematic diagram of the optical waveguide interconnection layout (designed and
drawn by Kai Wang at UCL).
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The waveguides are laid out between the lasers (source) and the photo-detectors (PD) (receivers)
(Figure 4.5). The connection configuration between the sources and the receivers depends on the
application, but normally the waveguides need to be bent or cross each other to establish links
between the source on one board and the receiver on another board. Curved waveguides are a
source of optical loss in the form of leaky mode and radiation mode loss and should be avoided if
possible [4.4;5]. The size of the board and the available space for the designer depends on the
manufacturing technique and the company. Although larger space enables the designer to use
shallower bends this does not mean the loss is reduced as the length of the waveguide is
increased due to the larger bend radius thus causing an increase in the absorption loss.
The VCSELs were placed at the position 2-5 and the PDs placed at 9-12 in Figure 4.5; positions
2 and 9 are currently not in use due to technical problems with the light source module. Each
waveguide was designed to have an approximately square cross section 50 µm × 50 µm to
minimise both insertion loss and crosstalk [4.9]. According to waveguide bend design rules
determined by UCL, the radius of each waveguide was chosen to be close to 15.5 mm [4.9] as
the transmitted power is maximised around this radius and does not vary much if the radius is
slightly incorrect due to manufacturing tolerances. As the transmitters (VCSELs) and the
receivers (PDs) on the line-card were located at the same position and pointing in the same
direction, the waveguides had to cross each other at some points to achieve full interconnection.
4.3 Review of Optical Loss in Polymer Waveguides
Understanding the optical loss that occurs in the waveguides and the causes of the loss is crucial
for evaluating the optical loss in any waveguide route. That is why, in this research, design rules
were established to be incorporated in Cadence PCB layout software. Then, even if a waveguide
designer is not aware of the waveguide theory, they can design the required OPCB. In this
section, the possible sources of optical loss in a polymer waveguide are reviewed. The theory of
optical loss in waveguides has been investigated in several books and papers [4.10-12]. In the
theory of optical waveguides, the optical loss is explained based on the modes in the waveguides.
Each mode is a distribution of the optical power inside a waveguide [4.12]. There are different
types of mode defined based on their behaviour [4.13]. Some modes are called leaky modes as
they attenuate as they propagate along the waveguide. Others are called bound modes as they
propagate inside the waveguide [4.14]. The optical power can redistribute between different
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bound modes and can also couple to radiation modes through sidewall roughness [4.11;13;14].
Radiation modes are not bound to the waveguide. There are several different ways to lose optical
power in an OPCB system, for example optical loss in the waveguide depending on the shape of
the waveguide and the waveguide material or optical loss at the sources and photodetectors.
These sources of optical loss are summarised below:
− Propagation loss: Propagation loss has two causes:
 The material absorption. The optical energy is absorbed by the waveguide
material. This type of loss depends on material formulation and the manufacturing
process. Different materials have different absorption bands due to their atomic
structure and impurities, which are mixed with the material during the fabrication
process. The material absorption changes for different wavelengths of light and
are characterised by the absorption spectrum of the material. In this type of optical
loss, the optical energy is converted into another type of energy such as heat
energy [4.12;15].
 The coupling of optical energy into radiation modes due to wall roughness. The
top and bottom surfaces of the waveguide can be made to have a very smooth
surface by spinning the liquid core and curing. When the sidewall is formed by
lithography, it suffers from wall roughness especially at the bent sections due to
the roughness at the edge of the mask [4.16;17]. The distribution of the optical
energy inside the propagating mode changes due to wall roughness and this can
scatter light into modes which produce radiation away from the waveguide
[4.12;17].
 Radiation modes can also be created due to the waveguide bend and crossing
[4.18]. This kind of optical loss is called transition loss or mode mismatch loss,
which happens when two waveguide sections with different geometrical and
refractive properties are connected together. Each waveguide section supports its
own mode structures and optical loss occurs if there is any mismatch between the
modes in the two sections [4.15]. For example, if the output of a multimode fibre
is to be coupled into a square waveguide, the modes in the optical fibre are
different as it is a cylindrical shape and not all of those modes, if any may be
supported by the rectangular waveguide into which the light is travelling. Another
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example is when a straight waveguide with a rectangular cross section is
connected into a waveguide bend section. As explained in section 4.2, to route the
waveguides from the optical source to the receiver, the waveguides may have to
bend or cross another waveguide. Therefore, one can imagine the light propagates
in a straight multimode waveguide and the optical power is distributed between
the bound modes of this waveguide. Now if the straight waveguide is connected
to a bend waveguide section, the power output of the straight waveguide must be
redistributed into the propagating modes of the bend waveguide which are not the
same as the straight waveguide [4.5]. In this process and due to the mismatch
between the modes in two sections, some of the optical power is lost by coupling
into radiation modes [4.15;18;19]. Optical loss due to these dissimilar sets of
modes in different sections of waveguides can occur at any joint between different
waveguide structures.
 Propagation of light inside a bend section also causes optical loss as the modes in
a bend are leaky modes and radiate energy away from the waveguide [4.4;5;15].
This is usually referred to as radiation loss. The difference between this type of
optical loss with the previous loss (optical loss due to the mode mismatch) is that
the loss inside a bent section is because of the creation of leaky mode due to the
structure of the bend section itself but in the previous section, the optical loss is
due to the non-continuity in the geometrical shape of the waveguide design and so
different supported mode distribution in each different geometry.
− Coupling loss: Coupling loss is one of the most important sources of optical loss in
optical waveguides. This is the loss between the source and the waveguide at the input of
the waveguide or the loss between the waveguide and the receiver at the output of the
waveguide. The coupling loss occurs due to two main physical phenomena:
 Fresnel reflection loss: This is due to the discontinuity of refractive index of the
waveguide material and the source medium. The optical beams reflect back at the
input of the waveguide when there is a change in refractive index. Fresnel
reflection increases with increasing refractive index difference so this loss will be
a maximum when there is an air gap between the source and the waveguide.
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 Scattering loss: This is due to the scattering of the light from any roughness or
imperfections at the end facet of the waveguide. The light is scattered into a large
solid angle in the forward and backward directions, which results in more light
lost or coupled into radiation modes.
 Optical loss due to the mismatch of the beam parameters of the light source and
the waveguide: In fact, the light diverges into a cone from the source, which
depends on the numerical aperture (NA) of the source. On the other hand, the
waveguide only accepts light, which is inside a converging cone and is, therefore,
dependent on the waveguide NA. The same effect occurs when light is focussed
into a waveguide with an NA larger than the NA of the waveguide in which case
loss results. The magnitude of the loss is (NA1/NA2)2 where NA1 is the NA of the
waveguide and NA2 is the NA of the source.
 Misalignment: Misalignment loss is due to the spatial and angular misalignment
between the source and the waveguide. The misalignment generates radiation
modes, which radiate away from the waveguide [4.20;21].
The total loss is the summation of the individual losses which must all be taken into
consideration when determining the power budget and designing the OPCB [4.5].
4.4 Waveguide Simulation Methods
In this section, the simulation techniques used in the following chapters are explained. Numerical
methods are essential for analysing waveguides to evaluate the behaviour of the waveguides in
the backplane design. In this thesis, two methods of wave propagation and ray tracing are
employed to analyse the waveguide structures. Commercially available software from RSoft Inc.
and Zemax were used for wave propagation and ray tracing respectively. The beam propagation
method (BPM) is based on Maxwell’s equations and wave properties of the light [4.12;15]. A
commercially available software package developed by RSoft Design Group Inc. [4.22] was used
for BPM simulation as it was available in the group and has been used and tested before for
waveguide simulations [4.5;15]. However, other available packages such as Optiwave [4.23]
were considered and evaluated. BPM is implemented in all of the software packages; it is a well-
developed technique and there was no noticeable difference between them in the test waveguide
evaluation.
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Zemax was chosen for the ray tracing technique as it was available in our group. However, some
of the waveguides were tested by ASAP which is a more sophisticated ray tracing package
although we found it more difficult to learn and use, to compare the results and these results are
presented in the following chapters.
4.4.1 Beam Propagation Method, BPM
BPM is the most frequently used method for simulating complex waveguide structures where the
propagation direction follows the structure of the waveguide. BPM solves Maxwell’s equations
[4.24] by employing some approximations such as the slowly varying envelope approximation
(SVEA) and the paraxial wave approximation (PWA). The finite difference (FD) method is
employed for the numerical calculations. The waveguides are regarded as comprising the core
material surrounded by a layer of lower refractive index (cladding). The finite difference Beam
propagation method (FD-BPM) algorithm samples the waveguide structure and the field to
propagate the light inside the waveguide. The sampling interval is performed at regular constant
spatial intervals but the sampling can also be dynamic which is more suitable for a complex
structure [4.25]. Regular constant sampling is used in this research unless otherwise mentioned.
The BPM algorithm solves the wave equation derived from Maxwell’s equations. For a dielectric
medium with zero charge density and current density these can be written as:
∇.ܧ(ݎ,ݐ) = 0 Equation 4.1
∇.ܤ(ݎ,ݐ) = 0 Equation 4.2
∇× ܧ(ݎ,ݐ) = − ߲ܤ
߲ݐ
Equation 4.3
∇ × ܤ(ݎ,ݐ) = με ߲ܧ
߲ݐ
Equation 4.4
Where E(r) and B(r) are the electric and magnetic field, ε is the permittivity of the dielectric and
µ is the permeability of the medium. The magnetic field in the third equation of Maxwell’s
equations (Faraday’s law in Equation 4.3) can be removed by taking a curl operator (∇ × ) from
this equation and substituting from the fourth equation:
∇ × ൫∇× ܧ(ݎ,ݐ)൯= − ߲
߲ݐ
(∇ × ܤ(ݎ,ݐ)) = − ߤߝ߲ଶܧ(ݎ,ݐ)
߲ݐଶ
Equation 4.5
The time dependence of the electric field can be written as:
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ܧ(ݎ,ݐ) = ܧ(ݎ)݁ି௜ఠ௧ Equation 4.6
Where ω = 2πf (f is the frequency of the propagating wave). By substituting Equation 4.6
inEquation 4.2, the wave equation in the form of the Helmholtz equation for the electric field can
be derived [4.12;26]:
∇ଶܧ(ݎ) + με߱ଶܧ(ݎ) = ∇ଶܧ(ݎ) + ݊ଶ ଴݇ଶܧ(ݎ) = 0 Equation 4.7
Where the E(r) is the electric field, n is the refractive index of the propagation medium, and k is
the wave number.
଴݇ = 2ߨߣ
ܿ= 1
√ߤߝ
Where λ is the wavelength of the propagating field in the vacuum and c is the speed of light in
the waveguide medium. Equation 4.7 is the wave equation in x, y and z direction but solving this
equation in three dimensions is a very complicated physical and mathematical challenge. BPM
uses some approximations to simplify the equation. The first assumption is that the wave is
propagated along the axis of the waveguide, which normally is considered the z direction (PWA).
Also, based on the SVEA approximation, the optical field is defined to have an envelope which
has a slow variation in the propagation direction and a fast phase section:
ܧ(ݔ,ݕ,ݖ) = ∅(ݔ,ݕ,ݖ)݁ି௜௡ೝ௞బ ௭ Equation 4.8
Where ϕ(x,y,z) is the envelope of the electric field and nr is the background refractive index
(cladding materials) [4.27]. The exponential term shows the rapid varying factor. The first and
the second derivative of Equation 4.8 in the propagation direction z is:
߲
߲ݖ
൫∅௫݁
ି௜௡ೝ௞బ ௭൯= ൬−݅݊ ௥ ଴݇∅௫ + ߲∅௫߲ݖ ൰ ݁ି௜௡ೝ௞బ ௭
߲ଶ
߲ݖଶ
൫∅௫݁
ି௜௡ೝ௞బ௭൯= ቆ߲ଶ∅௫
߲ݖଶ
− 2݅݊ ௥ ଴݇ ߲∅௫߲ݖ − ௥݊ଶ ଴݇ଶቇ݁ି௜௡ೝ௞బ௭
Equation 4.9
Replacing Equation 4.9 in the wave equation in Equation 4.8 gives the main equation for BPM
algorithm:
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ቆ
߲ଶ
߲ݖଶ
+ ߲ଶ
߲ݔଶ
+ ߲ଶ
߲ݕଶ
− 2݅݊ ௥ ଴݇ ߲߲ݖ− ௥݊ଶ ଴݇ଶ + ݊ଶ ଴݇ଶ ቇ∅௫ = 0 Equation 4.10
Here the phase is regarded to be invariant with the transverse parts as it is an orthogonal system.
This is the full BPM equation to be solved and it is a second order derivative equation. BPM uses
some approximations to simplify the equation as in practice, direct calculation of the second
derivative in the z direction is problematic [4.27].
4.4.1.1 Paraxial Approximation
The simplest method is to assume that the second derivative in the propagation direction is zero
or much smaller than the first derivative, that can be ignored without affecting the results. In
other words BPM uses the SVEA approximation that implies that the electric field changes
slowly in the z-direction:
߲ଶ∅
߲ݖଶ
≪ 2 ௥݊ ଴݇ ∅߲߲ݖ Equation 4.11
And the BPM equation is simplified to:
∅߲
߲ݖ
= ݅2 ௥݊ ଴݇ቆ߲ଶ∅߲ݔଶ + ߲ଶ∅߲ݕଶቇ+ ݅2 ௥݊ (݊ଶ− ௥݊ଶ) ଴݇∅ Equation 4.12
This situation is called the paraxial approximation or Padé order zero and can become inaccurate
when the light rays are travelling in the waveguide at a large angle relative to the propagation
direction, for example, in the case of 90º crossing waveguides. In this case, higher Padé orders or
a wide angle method should be used. However, it should be noted that increasing the Padé order
increases the number of calculations significantly and, therefore, the simulation time [4.28].
Even so there is still a limit to the maximum angle that the rays can travel from the initial
propagation direction, which was quantified by Papakonstantinou [4.5].
BPM solves the initial value problem by iterating the field along the z axis by using finite
differences for the x and y derivatives. The field launched into the waveguide is considered as the
field at z = 0 and FD-BPM finds the electrical field at any point based on the sampling grid
defined by the user by iteration methods. The BPM algorithm sets the fields to zero outside the
simulation area. This condition removes the field at the boundary and prevents the reflected light
from the boundary interfering with the simulation. This boundary condition is called the
transparent boundary condition (TBC) [4.29;30].
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4.5 Experimental Configuration for Optical Loss Measurements
In this section, the experimental procedures used in the following chapters are explained. The
measurement of optical loss is strongly dependent on the choice of optical source, the roughness
of the end facets of the waveguides, the type of light source, the type of receiver and, more
importantly, the relative positions of all sources, detectors and waveguides in both position and
angle. We mainly used either a VCSEL TOSA (transmission optical sub-assembly) with a TO-46
component having a ball lens a ST receptacle (STVXCEL-850, Access Pacific Ltd) connected to
a standard 50/125 μm step index multimode (MM) fibre with NAfibre of 0.22 which is less than
the waveguide NAwg of 0.302. Figure 4.6 shows a schematic diagram of an optical insertion loss
measurement using an 855 nm light source launched via a 10 m long MM fibre. The fibre has ST
and FC/PC connectors and was wound 25 times around a 35 mm diameter circular mandrel post
to fill the NAfibre. We measured the NA of the fibre to ensure it was fully filled with a large
number of transverse modes [4.31]. The FC/PC end of the fibre was then aligned and butt-
coupled to one of the waveguides on a waveguide sample to be tested. A 70 μm pinhole was 
placed in front of a large area integrating sphere PD to spatially filter much of the light travelling
through the cladding and to simulate the aperture of the PD used in the current demonstrator
[10]. This is a new measurement technique; that gives more accurate results than those obtained
by using photodiode detectors that can given inconsistencies due to laser speckle (modal noise)
and spatial variation of efficiency across the active area of the optical power sensor. Index-
matching fluid (n = 1.5433 ± 0.0005 for 840.0 nm at 25°C), which is close to the refractive index
of the waveguide core index of 1.5560 ± 0.0005 at 850 nm) was applied to the MM fibre-
waveguide interfaces to reduce coupling loss. It was also applied to the waveguide-pinhole
interface to reduce loss due to the scattering occurring at the rough entry and exit facets of the
waveguide.
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Figure 4.6: One 850 nm VCSEL was connected to a 50/125 μm MM fibre via an ST connector and 
was set to provide an output optical power of 0 dBm at the output end of the fibre.
Both the input source and PD were mounted on high-precision (minimum increment of 0.1 μm) 
motorized translation stages for accurate alignment and sub-micron step adjustment to maximize
the light through the waveguide. Figure 4.7 shows the schematic diagram of the measurement
arrangement including the design of the stages. The lighter and smaller stages (y vertical stage
and z forward and backward stage) were mounted on top of a heavier and larger stage (x lateral
stage). The order of the stages was arranged to allow the group to support the maximum load
within their specifications (Table 4.1).
Table 4.1: Specifications of the Selected Translation Stages
We choose a model of the translation stage, which is symmetric with respect to the vertical axis,
so that when all of the stages are mounted along the vertical axis (perpendicular to the optical
table) the weight of the upper stages is counter balanced. The 3-axis stages were orthogonally
assembled by the manufacturer and gave an off-axis error of ± 25 µrad. The stages were
controlled using a LabVIEW program on an attached laptop computer via stage drivers.
Stage
Position Manufacturer Model Driver
Travel
Range (mm)
Resolution
(μm) 
Bi-directional
Repeatability (μm) 
X Newport GTS150 XPS-DRV01 150 0.05 0.2
Y Newport GTS30V XPS-DRV01 30 0.05 0.2
Z Newport VP-25XA XPS-DRV03 25 0.1 0.2
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Figure 4.7: Schematic diagram of the measurement arrangement
The waveguide sample needs to be securely held to prevent unexpected movement during the
measurement, and to be parallel to the optical table to align with the light launching axis z. Flat
metal plates with different lengths were made to support the variety of sizes (20 mm to 120 mm
length) of waveguide samples. The plates were cut 2 to 5 mm shorter than the length of their
corresponding sample; if the holder plate is longer than the waveguide sample it will prevent the
light source and the PD approaching the waveguide and, therefore, will cause higher optical loss.
If the holder is cut too short, it leaves a large proportion of the waveguide sample without
sufficient support and it will vibrate during the measurement causing the results to fluctuate.
Two clamps, having soft rubber clamping surfaces to avoid damage to the polymer surface are
used to secure the waveguide sample flat to its holder.
The light source, the waveguide and the PD need to be aligned properly and the following
procedure was adopted:
1. The bearing slide of each of the translation stages was positioned to their centre in order
to leave sufficient travel in all directions.
2. A multimode fibre with an FC/PC fibre connector was used as the light source input.
This has a screw type of metal casing which makes it very easy to engage to an
appropriate adapter and the fibre ferrule provides good protection to the fibre core. One
end of the MM fibre was manually aligned to one of the waveguides on a sample and
moved close, but without pushing too hard, to the waveguide end facet to prevent the
fibre ferrule scratching the waveguide end facet. The other end of the fibre was
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connected to a 650 nm Class 3 red laser via a standard FC/PC fibre connector for the aid
of visual alignment between the fibre and the waveguide.
3. The PD was placed close to the waveguide output end facet and a pin hole was aligned to
the bright spot and was attached.
4. The red laser was replaced by the infrared VCSEL. The position of the input fibre and
the PD were precisely adjusted until the maximum output power from the waveguide
was recorded. All of our measurements were carried out in similar environment
conditions, namely: room temperature 25.7°C – 27.2°C and air humidity 35% - 40%.
Figure 4.8: Schematic diagram of the experimental apparatus. The source is mounted on the
motorised stages and the waveguide is a straight polymer waveguide.
4.6 VCSEL as the Optical Source
VCSELs with a modulation rate of 10 Gb/s were used as the source for all of the experiments.
The wavelength of 850 nm was chosen as the polymer material has a low absorption coefficient
at this wavelength. VCSELs are one of the most important components in the system and have
complicated electrical, optical and thermal characteristics that must be taken into consideration,
especially in theoretical modelling. As they have very small cavities of about 1 µm length and
several microns in lateral size, they support typically one longitudinal mode and several
transverse modes [4.32]. The small cavity is prone to self-heating and consequently VCSELs
exhibit thermally-dependent behaviour [4.33-36]. Laguerre-Gaussian (LG) modes can be used to
represent VCSEL transverse mode distributions in a cylindrical coordinate system [4.35] . The
LG field profile is given by:
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For computer modelling, the VCSEL (ULM photonics, ULM850-10-TT-C010104U) was used as
the light source and up to four transverse mode distributions were used at the output of the light
source. A list of the intensity of each mode is shown in Table 4.2 and Figure 4.9 shows VCSEL
outputs of these combinations.
Table 4.2: VCSEL output mode fields intensity distribution
Modes
Power Distribution
1 1
2 0.5 0.5
3 0.125 0.75 0.125
4 0.06 0.44 0.44 0.06
Figure 4.9: VCSEL output field containing (a) one mode, (b) two modes, (c) three modes and (d)
four modes (Thanks to Guoyu Yu from UCL for supplying the table and mode profiles).
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The VCSEL TOSA was connected to a dual channel digital power supply. Figure 4.10 shows the
VCSEL wavelength and output power as a function of operating time. For the measurement, the
wavelength and the output optical power of the VCSEL was monitored using a spectrum
analyser (HEWLETT PACKARD model 86420B) and an optical power metre (Newport 2931-
C). Figures 4.10 and Figure 4.11 show that it is necessary to wait ideally 2500 s or 42 mins after
turning on to stabilize the optical output before carrying out any measurements or before using it
in the demonstrator to ensure stable reproducible output.
Figure 4.10: VCSEL output measured wavelength and power as a function of time
Figure 4.11: VCSEL measured power as a function of time
The power supply ideally should have an output monitor loop, which could automatically adjust
the drive current to supply a consistent optical output. The output from the MM fibre was
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measured periodically at one hour intervals to calibrate the output variation against temperature
of the VCSEL chip.
4.7 Conclusions:
In this chapter, the optical PCB boards developed in UCL was introduced and the manufacturing
process was explained. The waveguide samples used in chapter 6 and chapter 7 are made by the
same method (photolithography) which is explained in this chapter. As optical losses in the
waveguides are the main concern in this research, the source of these losses are reviewed and
two numerical methods of BPM and Ray tracing were mentioned which are used in the next
chapters for numerical investigations. At the end, the experimental configuration and the optical
source were calibrated. It was found that the laser source (VCSEL) should be used 30 minutes
after it is turned on due to instable output of the laser.
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Chapter 5: Multiple Viewer Laser Illuminated
Autostereoscopic 3D Display System
5.1 Introduction
In this chapter, an auto stereoscopic display system that was developed at University College
London (UCL) is explained. This autostereoscopic display enables viewers to see 3D images or
3D video by presenting stereo images; one to each eye. The autostereoscopic, multi-user back
projection display system was developed within a European Union-funded project called
HELIUM3D. The other collaborators in this research were; Koҫ university in Turkey (KOC), De 
Montfort University in the UK (DMU), Nanjing University in China (NJU), Philips in Holland
(PHI), Barco in Belgium (BAR), the Technical University of Eindhoven in the Netherlands
(TUE) and Fraunhofer Heinrich Hertz Institute, HHI in Germany. Although the author was
involved in the design, and implementation of the system described in this chapter, the main aim
is to present the background necessary to understand the new research carried out by the author
which is documented in chapters 8, 9, and 10 and summarised in the conclusions in Chapter 11.
In chapter 3, several laser illuminated display systems were introduced and reviewed. The use of
lasers in display systems provides a larger colour gamut and lower étendue (a measure of the
light divergence [5.1]) which enables a higher degree of light control than displays which use
incoherent illumination. However, these advantages come at the expense of laser speckle
observed by the viewer on the image, optical power safety considerations and high system cost.
Figure 5.1 shows a schematic diagram of the HELIUM3D display system. This system is
essentially a back-projection system that operates by scanning a column of light across a liquid
crystal on silicon (LCoS) two dimensional optical modulator “light valve” device. The resulting
image column passes through the system and the beam is modulated in such a way that the
images are directed to each of the viewers’ eyes continuously over the duration of the scan and
different stereo images to the left and right eye are presented time sequentially [5.2]. There are
ten separate areas shown in the block diagram, some are relatively simple, for example the
Intermediate Image Stage and others such as Image Generation (shown in Figure 5.2) are
complex. However, for the purposes of the specification of the overall system architecture the
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interfaces between the blocks provide natural boundaries to separate the different functionalities
of the parts.
.
Figure 5.1: Schematic diagram of the HELIUM3D laser projection display system.
In Figure 5.1, the image formed on the 2D light valve (the light valve, LV, is a Liquid Crystal on
Silicon, LCoS, device for modulating the light intensity and generating the image) is projected
onto lens L2 by projection lens L1. The figure is a simplified version of the actual display and
only shows one laser for clarity; the actual display employs red, green and blue lasers whose
outputs are combined. Also, three light valves, one for each colour, with associated splitting and
combining optics are used. The light valve is illuminated with a column of light that is produced
by beam forming optics and is scanned horizontally by an electromechanical device such as a
galvanometer mirror [5.3]. The components generating the image are referred to as the light
engine which can be considered as an entity whose purpose is to produce a projected image onto
lens, L2. The remainder of the display hardware is referred to as the Transfer Screen and its
purpose is to magnify the image from, L2, and to control the direction of the light emerging from
the front screen. This control is performed by a one-dimensional High Speed Liquid Crystal
CHAPTER 5: Multiple Viewer Laser Illuminated Autostereoscopic 3D Display System
79
Spatial Light Modulator, SLM that allows light to pass through regions selected by the output of
a multi-target pupil tracker (it is a camera system that can track multiple viewer eyes position).
The transfer screen comprises three components and is used to steer the image over a large field
of view [5.4]. Figure 5.2 is a plan view of the components and viewing field drawn with
dimensions that are close to the actual requirements.
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Figure 5.2: Plan view of the 3D display system which was developed in UCL. The viewer’s eye is placed in the shaded (orange (shaded)
coloured) area.
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In this chapter, the HELIUM3D system optical parts are first introduced and then the
functionality of the system is presented. Following this the light engine and two different
prototypes of the light engine using low and high power lasers, developed in UCL, are described.
For each prototype the laser sources and the optical design is explained in detail. The research
was performed jointly with other partners, in particular Koҫ University and De Montfort 
University.
The focus in this thesis is on the light engine and speckle issues as the author’s research
concentrated on these aspects of the system. Further details can be found in publications by our
research group [5.2-5]. In the next sections of this chapter, different optical parts of the
HELIUM3D system and the reason for the selection of the optical design for each section are
described as well as the functionality of that part within the system. Finally, two different
prototypes using low power and high power lasers and the lasers used for each prototype are
explained. These prototypes were developed at UCL by the author of this thesis.
5.2 Light Engine for the HELIUM3D System
Figure 5.3 shows a schematic diagram of the system [5.2]. Red, green, and blue laser beams are
combined and shaped into a light column that is scanned horizontally across the LCoS light
modulator. The output image from the LCoS modulator is projected by lens (L1) into the
Intermediate Image Stage of the display system.
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Figure 5.3: Schematic diagram showing the light engine, Transfer Screen and viewers in the
HELIUM3D display system (This picture was drawn by Phil Surman fellow researcher from DMU
and used with his permission).
Figure 5.4 is a schematic diagram of the light engine. The light engine can be divided into 5
sections, these are; lasers, beam combining optics, beam shaping optics, beam scanning mirror
and image formation. The beam combining and shaping depends on the choice of lasers as their
beam properties will determine the specific methods used and the optical elements requirements.
Figure 5.4: HELIUM3D light engine. In prototype one the light source comprises low power
single-emitter lasers whose outputs are combined by an X- cube. The combined beam is shaped
into a line using a cylindrical lens.
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The image forming section in Figure 5.4 separates the red, green, and blue colours, as there is
one LCoS device allocated to each colour to generate the image, and then combine them into a
unite beam. The light engine of the HELIUM3D system delivers a vertical uniform white light
column with dimensions of 10 mm × 100 µm, which is scanned across a liquid crystal on silicon,
LCoS, light valve with the use of a scanning mirror. Three lasers are used and their outputs are
combined, homogenised and shaped to deliver a uniform light column on to the LCoS device
with a non-uniformity of < 10%. Uniformity (or non-uniformity) is determined by dividing the
minimum value of the intensity in a picture by the maximum intensity value[5.6;7]. Figure 5.5
explains the relationship between the width of the scanning line on the LCoS and width of the
image at the position of the viewer’s eye. The exit pupil in this figure is where the viewer is
positioned. The function of the transfer screen is to convey the images produced on the LCoS
devices to the front screen via the Spatial Light Modulator, that controls the directions of the
emergent light so that this always passes to the pertinent viewers’ eyes. The overall
magnification between the LCoS devices and the screen is the ratio of their widths and this
magnification factor determines the design of the Gabor superlens front screen. For a 30″ screen 
the magnification is of the order of 50 [5.4].
Figure 5.5 shows that a real image of the SLM is produced in the viewing field by the Gabor
superlens front screen [5.4]; its location is referred to as the conjugate plane of the SLM. This
figure shows the position of the image column at two different instants over the duration of the
scan. Ideally the column width would be negligible in order for defocusing not to occur as this
contributes to crosstalk where the left image is seen partially by the right eye and vice versa. For
a 100 µm beam width on the LCoS device a magnification of ×50 gives an image column width
of 5 mm. If the conjugate plane is 2000 mm from the screen and the viewer is 500 mm from the
screen then the defocusing will be 3.8 mm which is small compared to the interocular distance of
around 65 mm. As crosstalk is determined by many factors including scattering at the front
screen, imperfect Gabor superlens collimation, SLM element pitch, SLM response time,
diffraction by the LCD sub-pixels, scattering at the front screen and imperfect collimation of the
superlens it is preferable to keep the scanned beam width to a minimum.
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Figure 5.5: The exit pupil is formed dynamically from a lateral ly-scanned image column whose
emergent light direction changes in order to arrive at the eye during the scan. It should be noted
that the width of the beams shown are not the actual width of the exit pupil but indicate the
defocusing effect on the ideal top hat intensity profile of the pupil.
Therefore, to summarise, red, green and blue, lasers are employed in the light engine and a
system is required to combine the laser beams, homogenise the power and shape it into a column
of light with a width of 100 µm and height of 10 mm that is determined by the height of the
active area of the LCoS modulation device. It should be noted that the width of 100 µm is the
ideal size for the light on the LCoS, however, the system performance is not seriously degraded
if the beam is as wide as up to 1 mm. The increase in width of the light at the LCoS modulation
device can be compensated in the later stages in the HELIUM3D system.
The light engine comprises several principal components. These are:
− Light source: Three lasers are used for the illumination source, these are: red (639 nm),
green (532 nm) and blue (465 nm).
− Beam-shaping optics: this is required to convert the combined RGB laser beam into the
fan of rays that illuminates the LCoS 2D modulator. The operation of the beam former is
critical as the performance of the system (in terms of cross talk) depends on a narrow
light beam entering the LCoS devices (100 microns).
− Horizontal scanner : this device is used to provide lateral scanning of the vertical fan of
laser rays and scans up to 120 Hz for one viewer prototype. An off-the shelf
galvanometric closed-loop scanner was used in this project. These require a controlled
ramp scan waveform that is synchronised with the video frame.
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− LCoS Assembly and drivers: The LCoS assembly provides a projector that forms an
image in the Intermediate Image Stage.
− Beam splitter and recombining optics: this comprises X-cubes and dichroic
mirrors/filters (dichroic filters are very accurate colour filters which are used for colour
combining and colour separating) that separate the red, green and blue wavelengths into
three separate channels that illuminate each of the three LCoS devices and then
recombine their outputs. The optics were obtained from commercial projectors and by
fabrication with off-the-shelf components.
− Projection lens: This is required to focus the scanned image columns reflected from the
LCoS devices on to the Intermediate Image Stage.
5.3 Transfer Screen in the High Efficiency Laser-Based Multi-user
Multi-modal 3D Display System
In this section the optical parts from the light engine to the viewers’ eyes are explained and
explored. This section is called the transfer screen and consists of the Intermediate Image Stage,
the Pupil Control Module and the Front Screen. Figure 5.6 shows a plan view of different parts
of the system.
Figure 5.6: Plan view of the HELIUM3D system showing different sections of the system (This
picture was drawn by Phil Surman from DMU and is used with his permission).
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5.3.1 Intermediate Image Stage
This stage consists of a spherical lens and a diffuser which forms a real image and diffuses the
image in the horizontal direction (but not vertically) in order for the light from each image
column to fill the entire width of the following section (SLM).
The spherical convex lens, L2 (Figure 5.6), located before a diffuser, acts as a field lens to
concentrate the axes of the diffuser towards the centre of the SLM in the horizontal direction. In
the vertical direction it focuses the projection lens, L1, onto the SLM. In principle, a
holographically-produced diffuser is preferable compared to a microlens diffuser after L2, as the
top-hat function of the holographic diffuser gives a more even illumination than the Gaussian
distribution of the lenticular microlens diffusers and microlens diffuser also causes Moiré
fringing patterns in the final image. The specification of the diffuser is less critical here than it is
in some applications as any component of scattering in the vertical direction will merely result in
some light loss but will not contribute to crosstalk between right and left eyes. However, the type
of the diffuser can affect the speckle patterns which are explained in chapter 10. A cylindrical
microlens array is, therefore, used as the horizontal diffuser. The pitch of the array was measured
to be 0.385 mm with a radius of 0.72 mm. However, this is larger than the size of the pixels
imaged onto L2 (302 mm / 800 pixels = 0.3775 mm/pixel). This means that in some cases a
pixel may be imaged between two adjacent micro lenses. The result of this may be “gaps” or
dark vertical bands appearing in the final image.
5.3.2 Pupil Control Module
The Pupil Control Module, PCM, comprises the spherical convex lens, L3 and a linear SLM
(with driver) having switchable vertical apertures. At a given position of the horizontal scan
these aperture positions correspond to particular emergent horizontal angles from the screen. L3
is actually a spherical lens that is effectively the projection lens for projecting the image onto the
Transfer screen.
The SLM must be fast enough in order to cope with exit pupils that are furthest from the
conjugate plane of the SLM in the viewing field. This is due to the fact that the dynamic aperture
forming the pupil must move position during the horizontal scan. The specification of the PCM
section is listed in Table 5.1.
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Table 5.1: Pupil Control Module Component Specification
Projection lens L3 Width 200 mm
Height 20 mm
Focal length 330 mm
SLM Length L 96 mm < L < 192 mm
Width 50 mm
Pixel pitch L / 128 mm
Response time 100 µs
Aperture ratio > 95 %
Contrast ratio > 100:1
LC type Ferroelectric
The SLM is a fast ferroelectric LC device consisting of an array of 128 pixels. The dimensions of
the pixels are such that a 150 by 20 mm rectangular area is filled by them (the pixel width is 1.17
mm), as shown in Figure 5.7. The actual size of the device surrounding the active LC region is
larger, in order to connect the pixels.
Figure 5.7: Schematic diagram of the SLM
The SLM operates over the range of wavelengths ranging from 460 to 640 nm and acts as a half
wave plate at 532 nm.
5.3.3 Front Screen
The screen assembly performs the function of magnifying the relatively small input angle that is
determined by the SLM being a relatively short length (200 mm) into an angle that is sufficiently
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large to provide an acceptably wide viewing field. A real horizontally-scanned image from the
Pupil Control Module, where the rays from certain directions have been blocked enters the
screen assembly. The light from each image column is directed to all the viewers’ left eyes
during even-numbered scans and a right image directed towards all the viewers’ right eyes
during odd-numbered scans.
The screen comprises four components as shown in Figure 5.8; their functions are as follows:
− Fresnel lens, L4: The diverging rays from the SLM are collimated by spherical Fresnel
lens 1 so that they enter the superlens assembly orthogonally to its surface.
− Superlens assembly: It consists of 4 microlens surfaces arranged as two telescopes.
More detailed description of its operation is given in [5.4].
− Fresnel lens, L5: The rays are concentrated towards the axis in the vertical direction in
order to reduce losses caused by light being directed above and below the viewing region.
The rays are concentrated in the horizontal direction to give the viewing field shown in
Figure 5.2.
− Vertical diffuser: The light is diffused in the vertical direction to provide image
information in the complete height of the viewing field.
Figure 5.8: Front screen assembly and the various parts of the screen.
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Figure 5.8 shows a schematic diagram of the front screen assembly and different sections of this
screen. In this picture, the Intermediate Image Stage and the Pupil Control Module are indicated
to show how they are placed in the system. The numbers in this picture are the sequence; for
example projection lens 2 means the second projection lens in the system which is L3.
5.3.4 Pupil Tracker
It was originally intended that the Pupil Tracker should provide lateral head position coordinates
to a precision that enabled the images to be rendered in accordance with the viewer’s lateral
position, thus, permitting the presentation of motion parallax. This means that as the viewer
moves sideways the image that is presented to them is changed to what they would see if they
really moved around a 3D object. In a previous display, the head tracker was merely used to
place exit pupils in the vicinity of the viewers’ eyes. Provided the eyes are within the exit pupils,
in such a way that the images remain constant in terms of perceived brightness and crosstalk, the
tracker is performing to a sufficient degree of accuracy.
5.4 Light Engine Developed at UCL
The HELIUM3D system and different parts of this display system were explained in the previous
section. In this thesis the new research is focused on the light engine and speckle problems in the
system. So in this section, two different prototypes for the light engine are explained. The
prototypes are different in terms of the lasers and the power in each colour. The reason that two
prototypes were developed was to check the system with low power lasers before designing the
optics for the high power lasers. The low power lasers were available at the time and the tests
could be carried out on the system. The two prototypes explained in this chapter are two different
light engine designs. The transfer screen and the rest of the system are the same. However, there
were several different prototypes of the transfer screen which the author was also involved in
designing and experimental alignment and testing, but this is not explained in this thesis as it is
not the subject of the main research.
5.4.1 Low Power Laser as the Light Source in the High Efficiency Laser-
Based Multi-user Multi-modal 3D Display (Prototype one):
In this section, the first prototype of the light engine for HELIUM3D system is explained. For
the first system, the lasers were to be chosen with lower power (compared to the power of the
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lasers in the final design) being single emitters with Gaussian beams. The reason for choosing
such a system was to make the light engine for the display system with the available low-power
lasers and the beam shaping components. The prototype was used to test the performance of the
transfer screen and the switching times of the LCoS and SLM. The off-the-shelf lasers purchased
had lower power than the requirements for the final prototype of the light engine (this requires
about 1 W optical power for each colour at the output of the light engine to achieve enough
optical power at the viewer position). The provided power by the low power lasers enabled some
tests on the HELIUM3D system to be carried out even if the light engine output was not uniform
and homogenised.
Two diode pumped solid state (DPSS) lasers with wavelengths of 532 nm (green) and 457 nm
(blue) and one diode laser with a wavelength of 640 nm were chosen as the light sources. The
maximum power of the lasers was 300 mW for green, 200 mW for blue and 200 mW for red.
The specification of the lasers is listed in Table 5.2. The laser beam quality is very close to
diffraction limited (it can be focused to a smallest possible spot for a particular wavelength [5.8])
and a free space method using lenses was employed to combine and shape the lasers. The
advantage of using these lasers was that they were readily available and that their performance
was sufficient for testing the system.
Table 5.2: The laser specifications of the low power lasers for the light engine system
Laser type DPSS DPSS Diode laser
Wavelength (nm) 457±1 532±1 640±5
Output power (mW) 200 300 200
Transverse mode Near TEM01 TEM00 Near TEM00
Operating mode CW CW CW
Power stability (rms, over 4 hours) < 3% < 3% <5%
Beam divergence, full angle (mrad) < 0.2 < 1.5 1
Beam diameter at the aperture (mm) 4 2 1 × 1.5
Polarization ratio >100:1 >100:1 >100:1
The laser beams were combined using an X-cube and expanded using a 10× beam expander and
shaped into a line using a cylindrical lens. The optical power distribution of the combined laser
beams after the X-cube was not top-hat shape (it was more like a Gaussian shaped circular spot
with a measured full width at half maximum diameter of 3-5 mm). This spot was expanded in
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order to illuminate the entire height of the LCoS. Using a 10× beam expander converts the spot
into a beam with 50 mm height which is larger than the height of the LCoS (10 mm). The beam
is expanded to a larger diameter to increase its uniformity by expanding the beam and selecting
the central region [5.9-12].
The cylindrical lens shapes the beam and focuses the power into a column or line as the light is
focused in the horizontal direction and remains unaltered in the vertical direction. The width of
the column was 300 µm ± 100 µm. This column is scanned with a frequency of 60 Hz onto the
LCoS modulator (which forms the image) device by means of a mirror (Figure 5.10). The LCoS
device and the projection lens were taken from a Cannon SX60 projector. The projector was
taken apart with the assistance from Koҫ University and the combined and shaped laser beams 
replaced a halogen lamp which was already in the projector as the light source. Due to this
approach we did not have to design and manufacture an image forming and projection system
ourselves.
Figure 5.9: Lasers, X-cube and the beam expander in the low power prototype light engine of
High Efficiency Laser-Based Multi-user Multi-modal 3D Display.
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Figure 5.10: Low power light engine system. The three lasers are combined using an X-cube and
the combined beam is directed into the beam expander. The expanded white light is shaped by a
cylindrical lens and scanned onto the LCoS modulator.
Figure 5.9 and Figure 5.10 show the light engine and different optical elements were used in the
system to combine the laser beams and shape the combined lasers into a light line. A schematic
diagram of the complete prototype is shown in Figure 5.11 and its photograph in Figure 5.12.
Within the light engine the beam is split into the primary colours with an X-cube and illuminates
three LCoS modulators on which the images are formed. These are then recombined with
another X-cube and projected on to the L2/diffuser assembly. The image produced on this
assembly is focussed to a narrow horizontal line on the next stage which projects the image to
the front screen and also controls the emergent light directions with the use of an SLM which in
this case is a 120 Hz LCD. The front screen forms magnified real images of the transmitting
apertures in the SLM and also diffuse light in the vertical direction. This provides exit pupils that
are spread over a vertical direction.
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Figure 5.11: This is a schematic diagram of the complete arrangement. As the light path axis is
long it is folded through 90° by the mirror in order to accommodate it on two optical breadboards
against a wall behind them.
Figure 5.12: For safety reasons the light engine is completely enclosed. This is particularly
important as the axis of the complete display is at eye height
CHAPTER 5: Multiple Viewer Laser Illuminated Autostereoscopic 3D Display System
94
Laser safety is particularly important as three class four lasers are used in the display. For this
reason the complete light engine assembly is enclosed with the output exiting an aperture of 75
mm square. Particular care must be taken as the axis of the complete optical system is at eye
level, thus, increasing the possibility of eyes receiving stray beams.
Figure 5.13 and Figure 5.14 show the output of the projector when it is scanning at frequencies
of 1 Hz and 60 Hz respectively.
Figure 5.13: A picture from the width of the scanned image column at 1 Hz (exposure time of the
camera was 0.01 s). If the scanner stops it is possible that the LCoS devices could be damaged due
to the high optical power intensity of the light line.
Figure 5.14: Projector Image at 60 Hz Scanning rate. The image appears to have reasonable
colour uniformity; it is possible that the lasers were subsequently subjected to disturbance before
evaluations were carried out.
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Figure 5.15: The resultant image from the low power laser projection system. These pictures were
taken by using a conventional camera from the screen. The picture on the left is the input picture
from the computer and how it is shown on the monitor. The picture on the right hand side is the
output of the system.
In Figure 5.15, the colours are different between the two pictures. The reason is that we did not
apply any colour balancing in the system at this stage as this was not the primary aim of this
prototype which had been configured to test the concept of the system.
5.4.2 High Power Lasers as the Light Source in the High Efficiency Laser-
Based Multi-user Multi-modal 3D Display (Prototype two):
The display system must provide sufficient luminance at the final screen; this is principally
determined by the efficiency of the system and the available optical power of the lasers. The
power efficiency of the system was estimated to be less than 5% as light is lost in the beam
combining, shaping and image forming stages. The lasers must therefore, provide sufficient
output power at the first stage (Brightness= 200 cd/m2).
Several laser suppliers around the world were investigated when choosing suitable lasers and the
final choice was based on the power, specification and cost. Several different companies were
considered and five of them were shortlisted on the basis of the cost of the lasers, technical
support, reliability and the laser specifications. The five companies were; Arasor, QPC, Frankfurt
laser, Mitsubishi and RGB laser. After further investigation and evaluation, NECSEL (Novalux
Extended Cavity Surface Emitting Laser) lasers, supplied by Arasor, were chosen as the light
source.
A NECSEL is a frequency-doubled surface-emitting diode laser and is a multi-emitter laser
generating green and blue light. The red laser was chosen to be a multi-emitter edge-emitting
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diode laser from the DILAS Company. The NECSEL lasers have 48 emitters in 2 rows (Figure
5.16). The pitch between the emitters is reported by Arasor Company to be 320 µm and the beam
waists of the top and bottom rows are 15.5 mm away from each other. However, we found that
this is not the distance between the emitters. The specification of these lasers is based on the
company’s data sheet and is listed in Table 5.3.
Figure 5.16: NECSEL emitters for the green and blue laser. A total of 3W laser power is emitted
in two rows which are separated 2.1 cm from each other. The full angle divergence of each emitter
is 10±4 mrad which is the same for the fast and slow axis (these are the specifications from the
data sheet provided by Arasor).
In Figure 5.17, a schematic diagram for the NECSEL is presented. The PPLN (Periodically
Poled Lithium Niobate) crystal is used to double the frequency of the output beam from a surface
emitting diode laser. The infra-red (IR) output of the VCSEL resonates in a cavity between the
VCSEL and the VBG (Volume Bragg Grating) component used to stabilise the laser and form a
cavity. The IR radiation passes through the PPLN and the frequency of the beam is doubled by
nonlinear optics. The light with doubled frequency radiates away from the laser cavity from the
back and front. The back radiation is diverted using mirrors to make the second row of emitters.
Figure 5.17: NECSEL 3W Blue/Green dual row block diagram of one single emitter.
The NECSEL can be driven in continuous wave (CW) or pulsed mode and the power can be
controlled via duty cycle, frequency or applied voltage. The pulse rate can be chosen to be up to
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1 MHz. The output is vertically (perpendicular to the rows of the emitters) polarized and the
maximum optical power is 3W.
Figure 5.18: NECSEL emitters for the green and blue laser. 48 emitters are configured in two
rows with 2.1 cm separation (these are the specifications from the data sheet provided by Arasor).
Red illumination is provided by a diode laser which has 20 emitters in one row with 200 µm
pitch. The divergence along the fast axis is 85 degrees and along the slow axis is 9 degrees as it
is shown in Figure 5.19.(Fast axis and slow axis refers to the directions where high and low laser
beam divergence in diode lasers occur). Edge-emitting diode lasers have a large divergence
along the fast axis as the size of the emitting area is typically small (a few micrometres). Micro-
lens structures are a popular candidate for divergence reduction in these lasers. Consequently, a
cylindrical micro-lens array has been implemented in the red diode lasers used in this project and
the divergence has been reduced to 0.5 degree (8.7 mrad). Therefore, in the fast axis the beam is
well collimated and in the slow axis the full-angle divergence is reported by the suppliers DILAS
to be 9 degrees (0.157 rad).
CHAPTER 5: Multiple Viewer Laser Illuminated Autostereoscopic 3D Display System
98
Figure 5.19: Schematic diagram of the red laser which is an edge emitting diode laser with 20
emitters separated 200 µm from each other. n=20 is the number of the emitters and the laser
beams are polarised parallel to the fast axis.
The parameters of the red, green and blue lasers are listed Table 5.3. NECSELs were new
developed lasers (developed 2009) at the time this research was carried out and there was very
little information available apart from that given in the company specification. Therefore, we
characterised the laser beam ourselves in order to find the parameters used for designing the
optical system.
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Table 5.3: Specification provided by Arasor and DILAS Company of the red, green and blue lasers
used in the HELIUM3D light engine
Laser type Surface emitting
diode laser
Surface emitting
diode laser
Edge emitting
Diode laser
Wavelength (nm) 457±5 532±5 639±5
Output power (mW) 3000 3000 5000
Spectral width (nm) 0.2 0.2 3-5
Number of emitters 48 48 20
Number of output beams per row 24 24 20
Space between two emitters (mm) 0.320± 0.001 0.320±0.001 0.200 ± 0.001
Space between two rows (mm) 2.1±0.1 2.1±0.1 NA
Beam Diameter @1/e2 (µm) 80 80 1-2 × 40
Operating mode CW/pulsed CW/Pulsed CW/Pulsed
Power stability (rms, over 4 hours) < 5% < 5% <5%
Beam divergence, full angle (degree)
10± 4 10± 4
9 (slow axis)
85 (fast axis)
Beam diameter at the aperture (mm) 3 × 8 3 × 8 1 × 4
Polarization ratio >150:1 >150:1 >100:1
The red laser is not a new laser and has been used with other companies in their projects. Off the
shelf micro lenses are available with the right pitch (200 µm) for collimation in either slow or
fast axis. In this research, the focus is on the green and blue NECSELs which were newly
developed lasers.
5.5 Evaluation of the NECSEL Beam Parameters
An evaluation of the laser beam parameters was carried out in order to verify the information
given on the data sheet. This is important as this information is used in the design for the beam
shaping and homogenising. The divergence, beam waist location and distance between the
emitters in the horizontal and vertical directions were measured.
Figure 5.20 shows the experimental arrangement for measuring the beam divergence. A 250 µm
diameter pinhole was used to block all of the emitters apart from one.
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Figure 5.20: Experimental arrangement for measuring the divergence of the beam and the location
of the beam waist.
Multi-mode fibres with core diameters of 100 µm and 50 µm were used to monitor the power of
a single emitter. It should be noted that the beam waist of the laser beams is 80 µm but it is
located inside the laser housing. The size of the beam at the output of the housing is at least 140
µm. Some experiments using an optical fibre with 9 µm core diameter were also carried out to
check the measurements. The fibre was attached to a power meter (Newport model 2931-C) and
the power recorded on a computer. The fibre was mounted on a three-axis motorised stage and
the system was programmed to scan the beam at different distances from the output of the laser
(laser housing). The movement increments were set at 50 µm using 100 µm fibre (20 µm using
50 µm fibre and 5 µm using 9 µm fibre) in order to provide a sufficiently complete profile of the
emitter when scanned. Different emitters were measured to find any variation between them. The
data was also used to investigate the divergence of the beam. This was calculated from the
diameter of the emitter (when the power drops to 1/e2 of the maximum) at the different distances.
The half-angle divergence was calculated to be 4.8 ± 2 mrad.
The emitter spacing was also measured and two methods were used. In the first method a multi-
mode fibre was used to scan the output power of the laser by placing the fibre as close as
possible to the laser output aperture. The fibre was moved around until the maximum power was
recorded. The fibre was then moved across each row and the power recorded at each 50 µm step.
The distance between two peaks is the distance between emitters. This experiment was repeated
moving the fibre in the vertical direction in order to find the spacing between two rows.
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Figure 5.21: Measurement arrangement for the beam spacing in the NECSEL. The fibre is placed
as close as possible to the output aperture and scans the power of the emitters by using a
motorized stage for moving the fibre precisely.
In the second method, a spherical convex lens was used to form a larger image of the emitters at
the location of the fibre. The fibre was kept in a fixed position and the laser was moved using the
accurate motorised stages. The fibre was located on the maximum point of the power of a
selected emitter. The laser was moved to one side until the fibre received maximum power from
the adjacent emitter. The movement of the laser gave the distance between the emitters and the
experiment was repeated for other emitters
The distance between the emitters was found to be 328 ± 1 µm and the results are summarized in
Table 5.4 and Figure 5.22.
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Table 5.4: Measured data for the NECSEL.
Size of the laser head (cm) 62820 
Maximum power (W) 3
Maximum number of emitters (full power) 2 × 24
Minimum number of the emitters can be turned on 2×1
Polarisation Perpendicular to the row of emitters
Pitch between two emitters in one row (µm) 328 ± 1
Pitch between two emitters in two rows (µm) 2271 ± 1
Divergence full angle (mrad) Mean value = 9.5 ± 3
The dimension of the beam at the output window
(bottom emitter) (diameter at 2/1 e of power) (µm)
140
The dimension of the beam at the output window
(top emitter) (diameter at 2/1 e of power) (µm)
288
Distance between two beam waists (mm) 15 ± 1
Figure 5.22: a: Laser parameters for the green (the same as the blue NECSEL) and the red light
sources. b , c and d: the profile of one emitter of the green laser at different distances from
NECSEL output. e: the divergence of the laser beam.
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The distance between two adjacent NECSEL emitters was found to be 328 ± 1 µm and the
distance between the rows 2271 ± 1 µm. Figure 5.22 shows the laser parameters for the green
(and also blue) and red beams.
5.6 Conclusions and discussions:
The optical system and different elements of a laser based autostereoscopic 3D system called
HELIUM3D system was explained in this chapter. Various parts with the performance of each
optical element were reviewed. A new developed multi-emitter laser, called NECSEL, was
chosen and characterised to be used as the light source. The laser beam is formed from 48
emitters in two rows of 24 emitters. the spacing between the emitters, beam divergence and beam
waist location was found to be different with the data sheet and it was reported to the NECSEL
fabrication company to correct the information in the data sheet.
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Chapter 6: Polymer Waveguide End Facet Cutting,
Smoothing, Roughness and Waveguide
Input/Output Optical Coupling Efficiency.
6.1 Introduction:
The demand for optical printed circuit board (OPCB) products is growing rapidly as the demand
for high data rate communication is growing [6.1]. However, manufacturing cost and sufficient
optical power transmission are two of the challenges for this approach [6.2]. New research
reported in this thesis aims to determine the best method of manufacturing, assembling and
designing OPCBs. To develop low-cost manufacturing techniques for integrated OPCBs, the
optical coupling efficiency between the waveguide and the laser source is very important as it
affects the optical power budget and the bit error rate [6.3]. The optical coupling efficiency
depends on the roughness of the end facet of the waveguide, the lateral and transverse alignment
of the waveguide to the laser [6.4;5] and the refractive index difference between the medium of
the laser and the core material. In the OPCB design developed at UCL and explained in chapter
4, the daughter board is connected to the backplane by butt-coupling to the waveguide using the
new UCL and Xyratex optical interconnector design [6.3]. Therefore, the backplane board needs
to be cut to make places for the connector mounted on the daughterboard. Research by other
groups uses edge connectors where optical connectors make contact with the OPCB only around
its edges. In such an arrangement the board may be cut with a dicing saw. However, this limits
the flexibility of layout possible and does not match the requirements for replacement of PCB
backplanes in existing rack system configurations. The UCL and Xyratex mid-board connector
offers layout flexibility and compatibility with rack system configurations but dicing saws cannot
be used to cut out small apertures in the middle of the board. Figure 6.1 shows a picture of an
OPCB developed at UCL and four places to be cut (white rectangular parts in the middle of the
board.
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Figure 6.1:Optical PCB board waveguide interconnect. The three white rectangles are the cut-out
connector sites where the daughter boards are plugged into the backplane.
There are several sources of optical loss in polymer waveguides [6.2], however, this chapter
concentrates on the coupling loss due to the end facet roughness.
Figure 6.2: Demonstrator containing integrated electronic and optical interconnections on the
backplane and 4 fully bi-directionally connected line cards.
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Figure 6.3: The structure of the photo-l ithographically manufactured polymer waveguide.
The polymer waveguide samples used in this research were made by photolithography and cut by
two different methods: dicing saw and milling router. A milling router is used to cut optical
polymer waveguide and the effect of this method on the waveguide surface profile is investigated
in details. The cutting parameters are also optimised to achieve the best surface quality after
cutting. Without applying any modification, the end facet roughness of the waveguide samples
were scanned using atomic force microscopy (AFM) to measure and compare the surface
profiles. In this chapter, the results are presented in terms of roughness variation and chip load.
Chip load is a measurement of the removed material by cutting edge during a cut using a
router[6.6]. Chip load is the ratio of the Feed rate/ (rotation speed in RPM × number of flutes).
Feed rate is the translation speed and flutes are the cutting edges on the router. The optical loss
was also measured and the results are reported.
6.2 End Facet Roughness of the Waveguide due to Various Cutting
Methods
Various methods can be used for cutting the PCB and OPCB boards such as using a dicing saw,
laser ablation, chemical etching etc. The problem with using a diamond saw cutter to cut the
OPCB is that the saw only cuts in a straight line; therefore, if it were to be used to form
rectangular apertures such as the white parts shown in Figure 6.1, the cuts could pass through
parts of the board not intended to be cut and damage multilayer copper tracks or other waveguide
components around the connector area (the board might be fabricated in multiple layers with
several electronic and optical layers).
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A dicing saw can be used to cut out the required rectangular shape using plunge cutting, but it
must be borne in mind that the board must be cut at least in two steps where realigning the
workpiece in the computer numerical control (CNC) cutting machine requires extra design and
manufacturing cost. There are no alignment features on the board to be recognised by the CNC
machine and adding any of these aspects in the board and CNC machine increases the cost and
creates problems for mass production. Moreover, the apertures in the board required by the UCL
and Xyratex connector have a complex shape to ensure alignment and simple rectangular holes
are not sufficient.
Laser cutting is another option that might be considered, however, Figure 6.1 and Figure 6.3
show that the laser needs to cut a very fine polished line through different layers of material.
Therefore, the laser characteristics and beam size and shape (power distribution profile) control
is crucial. If the beam is not well-collimated and shaped the end facet will not be sharp as
different parts of the beam have different power so the laser beam removes different amounts of
material across the beam. Alignment of the laser beam into the required cutting area is another
consideration here as the lasers (or beam shaping and power control optics) must be changed to
cut through the different layers which comprise two different polymers, FR4 and a copper layer
[6.7;8].
6.2.1 Waveguide End Facets Cut with a Dicing Saw
A dicing saw is commonly used by engineers to cut waveguides and the end facet roughness
depends upon the dicing saw grit size and rotation and the translation speed of the cutter [6.9;10].
Figure 6.4 shows the end facet surface profile of a waveguide cut by a Disco DAD320 dicing
machine (30,000 rpm, cutting speed = 0.6 m/min, diamond particle size on the resin blade 30
µm). As indicated in Figure 6.4, there are some lines or grooves on the end facet waveguide
cross section surface and the AFM results show a roughness with standard deviation of 66.3 ± 10
nm; this magnitude of roughness will be compared with the milling methods later in this chapter
(Matlab software was used to calculate the standard deviation of the roughness from the
roughness data measured by the AFM machine).
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Figure 6.4: The roughness profile of the surface of a waveguide cut by a Disco DAD320 dicing
saw with 30,000 rpm, cutt ing speed = 0.6 m/min. A: picture taken with an optical microscope, B:
30 µm × 30 µm area of the core surface scanned by an AFM.
6.2.2 Waveguide End Facet Cut with a Milling Router
The use of a milling router to cut the board was considered and tried. It is easy to apply and
control any cut by CNC machines and any range/size of cuts and shaped apertures are possible
without causing any damage to the other part of the OPCB board. Milling routers have been used
for cutting polymer waveguides [6.11;12]. However, the surface profile left after milling
polymer waveguides has not been previously investigated in the backplane systems and it is
essential to have the information on the roughness produced and the surface profile after cutting
[6.13]. Milling routers have previously been used for cutting waveguides in plastic, polymer and
glass and a roughness investigation is important for the OPCB industry. In the research explained
in reference [6.13], which is the most recent work found in this area, milling routers are used to
form 45º mirrors, but without any investigation on the effect of the milling on the surface
roughness.
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Figure 6.5: Schematic diagram of a one flute router and the cutting procedure used for the
roughness investigation (from Lamar UK Ltd).
Three different router cutters with different numbers of cutting edges (flutes) were chosen to
determine the most suitable for giving the end facet the smoothest surface. This is new research
and no information is available for using flute routers to cut polymer waveguides. The
waveguides were photo-lithographically manufactured acrylate waveguides and were cut by the
PCB manufacturing company Stevenage Circuit in order to obtain realistic results from an actual
PCB manufacturer. A silicon carbide 1.6 mm diameter flute router supplied by Lamar UK Ltd
was used with a CNC milling machine, RLG 615 Drill/Router from Ernst Wessel Machinebau
Gmbh, (Figure 6.5). The surface profiles of the samples were investigated principally using an
optical microscope and AFM; however, the surface roughness was also measured using a
DEKTAK, and interferometric microscopes.
The experiments were started by making some samples to find in which way the waveguide
should be placed in the CNC machine. There are two ways: first the waveguide (upper cladding)
is facing up and secondly the copper/FR4 is facing up. Both of these options were tried and the
first point was noted, which can be observed in Figure 6.6, is that when the waveguide is on the
top surface during routing, the end of the waveguide is broken rather than being cut. Figure 6.6
which is the end of the waveguide after cutting, shows that the end of the waveguide is not flat
but has been broken when the router is inserted from waveguide side (part A).
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Figure 6.6: The end of the waveguide after cutting with the router entering the sample from A:
waveguide and B: Copper/FR4 side
When the waveguide is facing up (part A in Figure 6.6), there is only one layer of cladding on
top of the core material and rotating the router pulls the layers upward and causes delamination
and the broken end, however, when the waveguide is facing down (part B in Figure 6.6) during
milling (the Copper/ FR4 layer is on the top in this situation), the force from the router on the
waveguide tends to push the waveguide towards the surface on which it has been fabricated
during cutting. Also there are more layers on top of the core material as a protection, namely,
the lower cladding, FR4 and a copper layer, so we observed that, in this arrangement, the end
facet was cut cleanly and not damaged.
Figure 6.7: Copper contamination on the waveguide end facet after cutt ing without removing the
copper layer with waveguide is facing up. Sample was cut using the Dicing saw mentioned in
section 8.2.1 and the picture was taken by an optical microscope with magnification of 100 ×.
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The router was cut through different layers including a copper layer. In most of the samples,
some shiny parts were observed under microscope which were the copper dust created during the
milling the copper layer. It is better to remove the copper layer in the cutting region before
milling the sample to avoid copper dust contamination of the waveguide surface as shown in
Figure 6.7 . However, even if the copper layer is not removed the contamination will be less
when the waveguide is facing down (Figure 6.6) as the material is pulled upwards by the router
cutter due to its shape.
It was necessary to determine the effect of the number of router cutter flutes on the surface
finish. The shape of the router and the numbers of flutes on the router has been reported to affect
other surfaces such as metal or plastic material cut by a milling machine (this information was
provided by Stevenage Circuits Ltd.). Therefore, to find the effect of the number of flutes on the
polymer waveguide surface quality, three cutters with different numbers of flutes, but with the
same flute properties (material, flute angle, flute direction, etc.) were chosen and used to cut the
waveguide samples. Figure 6.8 shows the surface profile of the waveguide cut by cutters with
different numbers of flutes. The pictures were taken by using a Nomarski microscope and the
waveguides back-illuminated. The yellow part is the core material of the waveguide surrounded
by the cladding material; the yellow colour is due to the illumination source as the colour
changes depending on the light source (for example, compare Figure 6.8 and Figure 6.10).
Figure 6.8: The surface profile of the waveguide cut by A: a one-flute router cutter (σ=183 nm),
B: a two-flute cutter (σ=540 nm), C: Three-flute cutter (σ=900 nm). The waveguides were cut with
the same spindle and cutting speed (15000 rpm, 0.25m/min translation speed) for a valid
comparison.
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As shown in Figure 6.8 there are some cracks and grooves in the samples cut by the two and
three-flute router cutters. Figure 6.9 shows the roughness of the surface of the core material
measured by the AFM.
Figure 6.9: A sample of the Standard deviation of roughnesses of the surfaces cut by router cutters
with different numbers of flutes. 15000 rpm, cutting speed = 0.25 m/min
Figure 6.9 indicates that roughness increases with number of flutes on the router. The three-flute
router cutter leaves a very rough surface (standard deviation, σ, of 911± 285 nm). Some groove
or gouge-shape structures could be observed on the surface cut by a three-flute cutter. The one-
flute cutter gives a better and smoother surface (standard deviation, σ, of 183 ± 13 nm). The
AFM had to be controlled (by moving the tip up and down) manually for the samples cut by the
three-flute router as the roughness was too high to be followed by the AFM tip. Moreover, a
larger area, more than 30 µm × 30 µm, of the waveguide surface could not be scanned by the
AFM as there was a large groove which caused the AFM machine to show errors. It was
observed that the samples cut by the two and three-flute routers were too rough for the AFM (we
were able to take a few scans by choosing a smoother area. 3 tips were broken during scanning
the surface cut by the three flute router) and another method should be used to measure the
roughness.
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Figure 6.10: The surface roughness of the waveguide under the AFM. The triangle shape on the
left hand photographs is the AFM cantilever and the shiny square shape under the cantilever is the
core of the waveguide. A: Three flute router sample B: One flute router sample. The pictures on
the right show the profile of the 30 µm × 30 µm area scanned by the AFM.
Other methods and equipment to scan the roughness at the surface of the waveguide were also
used to compare the results for different techniques and to prove that the AFM results matched
with those recorded by other methods. Figure 6.11 and Figure 6.12 are the results taken using
two interferometer microscopes. Figure 6.11 was taken with a Zygo New ViewTM 7000 series
interferometric microscope and Figure 6.12 is the result from a Taylor-Hobson PGI-840
profilometer. The graphs show that the three-flute router cutter produces a surface that is too
rough even for these measurement techniques and the graphs could not be completed in either
case.
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Figure 6.11: Surface profile from New view Zygo Microscope. A: One-flute router and B: three-
flute router
Figure 6.12: The roughness measurement taken by a Taylor-Hobson interferometer. A: one-flute
router cutter B: the three-flute cutter.
The results from the AFM and the interferometer microscopes show a large magnitude of
fluctuation (up to 2 µm) for the surface cut by the three flute router. Therefore, we conclude as a
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new result, that the one-flute router cutter gives the best surface quality. The optimum spindle
and cutting speeds required for minimum surface roughness were determined. The samples were
prepared at UCL and cut by Stevenage Circuits Ltd using a CNC milling machine (CNC MLB2
drill/router from Wessel). Table 6.1 shows the standard deviation of the roughness of the various
surfaces cut at different cutter rotation and translation speeds. To calculate the average
roughness, three or four parts of each sample (from the same face) were scanned by AFM and for
each part the standard deviation of the roughness was calculated. Then the standard deviation
between these results values for various scans was taken as the error and the average value is the
roughness of the surface.
Table 6.1: Standard deviation of the surface roughness (in nanometers) for surfaces cut with a
one-flute router at different rotation and translation speeds. The unit of the roughness, chip load
and translation speed are nm, µm and m/min respectively.
Rotation speed (RPM)
5000 15000 34000 50000Translation Speed
(m/min)
0.10
Roughness 389 ± 61 310 ± 12 384 ± 10 342 ± 23
Chip load 20 6.6 2.9 2
Surface speed 50.34 150.82 341.73 502.5
0.25
Roughness 376 ± 30 183 ± 13 358 ± 12 339 ± 42
Chip load 50 16 7.4 5
Surface speed 50.49 150.97 341.88 502.65
0.50
Roughness 474 ± 32 381 ± 18 205 ± 24 410 ± 15
Chip load 100 33 15 10
Surface speed 50.74 151.22 342.13 502.9
0.75
Roughness 434 ± 54 386 ± 20 407 ± 43 296 ± 12
Chip load 150 50 22 14
Surface speed 50.99 151.47 342.38 503.15
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Figure 6.13: End facet roughness for different rotat ion and feed speeds. Blue indicates low
roughness and red high roughness.
Figure 6.13 shows a 3D plot of the end facet roughness data presented in Table 6.1. The graph
shows a minimum area like a diagonal valley in the middle of the plot. This is the blue area in
the contour plot in Figure 6.13. This means that to achieve a surface with lower magnitude of
roughness, the translation speed should be increased if there is an increase in the rotation speed.
In other words, small rotation speeds should be used with small translation speed and vice versa.
To analytically calculate the rotation speed and the translation speed where the roughness is
minimum based on our measurements, the data in the row and the column which contain the
lowest surface roughness are plotted in Figure 6.14. Then, a curve was fitted to each graph and
by differentiating the equation of this curve to find the minimum point, the best rotation speed
and translation speed were calculated to be 16,667 rpm and 0.24 m/min respectively.
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Figure 6.14: Curve fitted to the data calculated for different rotation speed and translation speed.
The graphs are for the column and the row which contains the lowest roughness (183 nm) in Table
6.1.
In theory, higher translation speeds are possible with higher rotation speeds as the material is
removed faster. The question is: is a higher translation speed better for reducing the surface
roughness as the router touches the surface just once, or is it better to touch the surface several
times by using a higher rotation speed and a slower translation speed to reduce the roughness?
The next question is: what is the best rotation speed? The standard deviation of the roughness in
Table 6.1 shows that the roughness is not improved at the highest rotation speed of 50,000 rpm
compared to the lowest rotation speed (5,000 rpm).
Greater rotational speed generates higher frictional heating between the router cutter and the
sample which can melt the polymer and also create increased mechanical wear on the cutting
edge. It has also been proposed that the additional heat produced by increasing the rotation speed
can reduce the roughness [6.13] but it is not clear whether this would also apply to PMMA. This
is new research and no one has investigated the surface roughness with this level of accuracy
before.
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Figure 6.15: A photograph of the waveguide end facet taken by a Nomarski Optical microscope
from a sample cut with rotation speed = 34,000 rpm, translation speed = 0.75 m/min
Figure 6.15 shows the end facet of a waveguide sample that was cut at 34,000 rpm. The
waveguide sample was back illuminated to distinguish the core materials but the waveguides
were either blurred or blocked as we could not observe a clear waveguide core. It appears as if
the waveguide surface has been covered with another layer. It is not dust or small swarf particles
that can be cleaned off the surface. A lens cleaning air spray was used to clean the surface by
blowing air on the surface but nothing was removed and the surface picture did not change. The
rotation speed was increased to 70,000 rpm but with no improvement in the roughness.
Figure 6.16: A photograph taken by an optical microscope of an end facet surface cut with a
cutting speed of 0.50 m/min and A: 60,000 rpm, B: 70,000 rpm. The surface roughness in case A
is 395 ±18 nm and case B: 432 ± 21 nm.
Figure 6.16 shows the end facet profile of the samples cut at 60,000 rpm and 70,000 rpm. The
end facet roughness is of the same order of magnitude as the values in Table 6.1 but it looks like
Figure 6.16 may show a smeared layer on the surface that was not produced at the lower speeds.
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It could be due to the heat created or a chemical reaction and further investigation is required to
explore the reason for this issue.
Figure 6.17: Chip load calculation based on the rotation and translation speeds. The red dotted
line shows the recommended chip load by the router manufacture company.
Figure 6.17 shows the end facet roughness versus the chip load. Chip load was calculated for
each pair of rotation and translation speeds in Table 6.1 based on the chip load formula explained
in the introduction section for the one flute router. The recommended chip load from the router
manufacturer for incurring the least damage to the router and giving the smoothest surface is 8
µm/revolution, which gives us for example a spindle and feed speed (translation) of 60,510 rpm
and 0.484 m/min respectively (other combinations of RPM and feeding speed are possible too)
and, indeed, Figure 6.17 does show a minimum at this chip load. However, the results shown in
Figure 6.17 indicate that a much deeper minimum roughness is obtained at a chip load of 16
µm/revolution for the best surface quality. It is interesting that this is 2 times the recommended
chip load. We also noted that Stevenage Circuits use this one flute router to cut FR4 glass fibre
reinforced epoxy PCBs and they have optimised that to operate at 17 µm/revolution which is
close to the 16 µm/revolution that we have found for the polymer.
Figure 6.18 is the roughness in terms of the speed of the edge of the router cutter flute at the
surface of the waveguide and is calculated based on the rotation and the translation speed
directions shown in Figure 6.5. There are two speeds to be added together. The first one is the
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speed of the cutting edge due to the rotation which is in rpm unit. The unit of this speed is
converted to rad/min below (each revolution is 2π radian): 
ܴܲܯ ( ݁ݎ ݒ
݉ ݅݊
) = ܴܲܯ ( ݁ݎ ݒ
݉ ݅݊
× 2ߨܽݎ ݀
݁ݎ ݒ
) = ܴܲܯ × 2ߨ(ܽݎ ݀
݉ ݅݊
)
The linear velocity of the cutting edge due to the rotation is:
ݒ௥௣௠ = ߱ݎ→ ݒ( ݉݉ ݅݊ ) = ൤(ܴܲܯ × 2ߨ) ܽݎ ݀݉ ݅݊ ൨× ݎ(݉ )
Therefore:
ݒ௧௢௧௔௟= ݒ௥௣௠ + ݒ்௥௔௡௦௟௔௧௜௢௡௦௣௘௘ௗ
Figure 6.18: End facet roughness of the waveguide versus the speed of the edge of the router
cutter flute on the waveguide surface. These speeds have been calculated for the one flute router
information listed in Table 6.1. At each speed 4 points with different rpm number were measured.
In Figure 6.18, which shows the surface speed of the cutting edge at the waveguide surface, there
is a trend for lower roughness at 150 m/min increasing more quickly towards lower speeds and
also increasing although less quickly towards higher speeds. Based on the experiments and the
measurements, the best results are achieved at a rotational speed of 15,000 RPM and a
translation speed of 0.25 m/min for a 1 flute router. The magnitude of the roughness in this case
is 183 ± 13 nm and, in addition, the waveguide surface is clear as the core material can be
observed properly under the microscope (Figure 6.19).
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Figure 6.19: The surface fluctuation of the waveguide cut by the one-flute router A: Picture taken
by Nomarski microscope. B: 3D plot from the surface roughness of the core material taken by
AFM.
To find the analytical speed for the minimum end facet roughness in Figure 6.18, a curve was
fitted to the graph and based on the equation of the fitted line, the speed which gives a minimum
roughness is calculated by differentiation. The results show that the graph shown in Figure 6.20
has a minimum where the speed is 221.72 m/min. this number was achieved by calculating the
roots of the first derivative of the fitted line equation.
Figure 6.20: Curve fitted line to the data calculated for the surface speed of the cutt ing edge at the
surface of the waveguide.
y = -1E-05x3 + 0.0138x2 - 4.2915x + 559.05
0
50
100
150
200
250
300
350
400
450
0 100 200 300 400 500 600
R
ou
gh
ne
ss
(n
m
)
Surface Speed (m/min)
Minimum Roughness
A
B
CHAPTER 6: Polymer Waveguide End Facet Cutting, Roughness and Coupling Efficiency
123
6.2.3 Comparing the Waveguide Surface Roughness with that of a Silicon
Wafer
Having determined the best rotation and feed speeds for cutting the waveguides, the three
different surfaces roughnesses in Figure 6.21 were compared after milling. The roughness of a
silicon wafer was considered as an ideal polished surface for comparison of the waveguide
roughness cut by a diamond saw and the same waveguide cut by the one flute router.
Figure 6.21: Roughness of the surfaces of silicon and waveguides cut by dicing saw and routers
with different number of cutting edges. An AFM picture is shown for each surface for comparison
of the surface profile. The number on top of each bar is the standard deviation of the roughness in
nm for that sample.
Figure 6.22 shows other aspects of the roughness; this is the way in which the roughness changes
across each sample and also the surface uniformities are compared for the three materials
measured in Figure 6.21. For Figure 6.22 an area of 30 µm × 30 µm of each sample was scanned
and the result was saved in a 256 × 256 array of data (roughness value). The standard deviation
of each column of the roughness data was then calculated and plotted in Figure 6.22.
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Figure 6.22: The variation of the surface roughness for three different materials across the
sample; one-flute router, diamond saw and silicon. The vertical axis shows the standard deviation
of the roughness.
The comparison in Figure 6.21 and the graphs in Figure 6.22 show that, although the end facet
roughness has been reduced by using one flute router and characterising the RPM and translation
speed, however, the magnitude of roughness on the surface cut by milling router is higher than
the sample cut by dicing saw. Compare to the surface of the silicon sample, the milling router is
much more rough and the roughness needs to be reduced to achieve a better surface quality.
6.3 Optical Input/Output Coupling Loss due to Roughness of
Waveguide End Facets
In this section, the input/output optical loss due to the different end facet roughness is measured.
The length of the samples was 10 mm in order to fit under the AFM tip and a multimode fibre
coupled VCSEL with 853 nm wavelength was used as the source. The receiver was a photo-
detector with a circular aperture of 70 µm and the waveguides’ cross section was 50 µm × 50
µm. The measurements were performed based on the experimental method described in Chapter
4. An index matching fluid was also used to reduce the coupling loss without reducing the
physical roughness. The liquid penetrates between the microstructure of the roughness and fills
the space between waveguide surface fluctuations. An index matching fluid with n = 1.5694 ±
0.0005, made by Cargille Laboratories (code: LCABK), was applied to the multimode fibre and
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the input facet of the waveguide. It was also added between the output facet roughnesses of the
waveguide. Figure 6.23 and Figure 6.24 show the results of the measurement.
Figure 6.23: Experimental results for the optical input and output coupling loss due to the
roughness at the end of the waveguide.
Figure 6.23 shows the measured loss for four different magnitudes of end facet roughness. To be
precise, the measured loss is the insertion loss which is the coupling loss plus the optical loss due
propagation loss which includes losses due to sidewall roughness scattering and due to material
absorption; however, as the waveguide samples are 1 cm long and the propagation loss is 0.05
dB/cm (has been measured previously in our research group), the insertion loss can be ignored
compared to the coupling loss. The samples were four waveguides fabricated on the same wafer.
In fact it was a large (10 cm) straight waveguide which was cut into several pieces. Both ends of
each sample were cut with the same method; therefore the roughness quoted on the horizontal
axis is for both ends (the samples used in this section are exactly the same as the samples
mentioned in the previous sections in this chapter).
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Figure 6.24: Experimental result of the optical input and output coupling loss due to the
roughness at the end of the waveguide. The horizontal axis is RMS roughness.
Figure 6.24 shows the results of optical loss in the waveguide samples with different magnitudes
of roughness (the data in this figure are the same as Figure 6.23). The results show an average
improvement of 2 dB for each end after applying index matching fluid which penetrates and fills
the rough surface.
In theory, the minimum loss should be due to the Fresnel reflection at the input and output of the
waveguide if the surface had no roughness. Fresnel reflection at the interference of two media
with different refractive indexes of, n1, and, n2 is given by [6.14]:
ܴ ൌ ൬
ଵ݊െ ଶ݊
ଵ݊൅ ଶ݊
൰
ଶ
ൌ ൬
1.556 − 11.556 + 1൰ଶ = 0.0473
ܱ݌݅ݐܿܽ ݈݈݋ݏݏൌ ͳͲܮ݋݃ (ͳെ ܴ) ൌ ͳͲܮ݋݃ (0.952) ൌ ͲǤʹͳ݀ܤ
R is the Fresnel reflection coefficient and, n1, and, n2 are the refractive indices of the waveguide
core and the air respectively. The calculations show that the optical loss due to the Fresnel
reflection should be 0.21 dB at each input and output surface of the waveguide. In theory, for a
surface with no roughness the optical loss should be reduced to the Fresnel loss. This means that
the three graphs in Figure 6.24 should cut the y axis at 0.42 dB (the Fresnel reflection for the
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index matching fluid is 0.43 dB) plus a small additional propagation loss. The data shown with
triangle markers in Figure 6.24 indicates that the minimum loss is 2.1 dB. This could be because
the index fluid matching is not exactly correct for this wavelength or degraded because of aging
or because of a large propagation loss. These calculations assume that all of the optical output of
the waveguide is collected by the photodetector which may not be true in practice.
To investigate the improvement of the coupling loss in more detail, Figure 6.25 shows the optical
loss reduction after applying index fluid matching at the output and at both ends of the
waveguide samples. The results show that the reduction in the optical loss is more significant for
the roughness up to 250-300 nm and after this range (higher roughness), the improvement is
constant. Another result is that the optical loss reduction is larger when the index matching fluid
was applied at the output especially in the samples with higher roughness.
Figure 6.25: Optical loss improvement after applying index matching fluid at the input and output
of the waveguide.
6.4 End Facet Waveguide Roughness Reduction after Cutting
Index matching fluid does not provide an ideal solution for reducing the effects of waveguide
facet roughness as the insertion loss increases gradually as the index matching liquid dries out
(The coupling loss for the sample with 61 nm and 910 nm RMS roughness was 3.9 dB and 8.1
dB after two days of applying index matching fluid at both ends of the waveguides). A more
durable method is needed as index matching fluid is just a temporary solution. Liquid
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contamination is added to the board which is undesirable and liquid would have to be injected
into the area constantly which is impractical.
Surface fluctuations and the magnitudes of the roughness in Figure 6.21, Figure 6.22 and the loss
measurement results indicate that the roughness of the surface after milling is high (3 times in the
best situation) compared to that obtained using the diamond saw and much higher (45 times)
than the silicon surface. Therefore, the scattering from the surface will be significant and the end
facet roughness will have to be reduced by polishing after cutting the waveguide.
6.4.1 End Facet Waveguide polishing
The waveguide samples cut by the milling router and dicing saw were polished in order to
examine its effect and to determine the challenges of manual polishing. Three types of silicon
carbide grinding paper were used from coarse to fine grain. Polishing was carried out using a
sequence of operations with increasingly fine grains, these were; 20 µm grit sand cloth, 3µm
aluminium oxide polishing cloth, 1 µm fine grit aluminium oxide polishing cloth. The samples
were rubbed on the surface of the polishing paper in a figure of eight-shaped path where the
polishing paper was in a fixed position. Two persons operated on each sample in two minute
sessions with 1-2 sessions for smoothing and 2-4 sessions for polishing. Each sample was held
perpendicularly to a sanding table mounted and fixed on the floor. The sample was flipped 180°
around the vertical axis every 5-6 seconds to minimise the polishing error caused by sample
orientation and rotation speed of the hand.
Figure 6.26: Waveguide end facet roughness hand polishing
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In Figure 6.26 the sample is sandwiched between two plastic plates to be held for polishing.
Figure 6.27 shows a picture taken by the Zygo interferometer microscope of the sample polished
by hand as explained above and a surface profile of the polished waveguide end facet scanned by
AFM. Two important facts can be observed from Figure 6.27. The first is that the surface is not
flat but tilted at different angles with deviations up to a few degrees to the horizontal direction.
This is due to the sample being tilted during polishing or can be due to the hardness of different
materials such as FR4 and polymer. Another result can be observed in the picture taken by the
interferometer microscope (Figure 6.27 (B)) and should be investigated with more samples. The
core material, the blue hole in the middle of the part B in this figure, has worn down more than
the cladding. If this is proved to happen for other samples, it can be concluded that the core
material is softer than the cladding material. This fact explains why the surface of the waveguide
is further down in relation to the cladding area. The daughter boards are aligned to the surface of
the cladding so there will be an undetermined distance between the laser source and the
waveguide which increases the coupling loss. The laser beam diverges as it propagates from the
source towards the waveguide so by the time it reaches the waveguide the size of the beam is
increased. Increasing the size of the laser beam can cause more coupling loss.
Figure 6.27: Surface of the waveguide after hand polishing. The sample was made by
photolithography and the material was TruemodeT M acrylate. A: AFM scanned data from an area
of 40µm × 40µm of the core material. B: The scanned surface of the waveguide by Zygo
interferometry microscope.
Hand polishing is not a reliable method of reducing roughness as the finished surface quality is
dependent on the ability of the polishing operative, the force applied and other human factors.
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Moreover, it is not suitable for mass production as a mechanical arm or any other configuration
is needed to do the polishing which increases the cost and the results are inconsistent for a given
type of board for several reasons. Firstly, the copper layer must be removed otherwise there will
be a large copper dust contamination on the waveguide surface. Secondly, and more importantly,
polishing removes some of the waveguide material so the polished end facet of the waveguide
will not be exactly where it was cut, thus increasing the gap between the laser source and the
waveguide. These results in increasing coupling loss and increasing laser beam size due to
divergence unless the amount of material polished away is taken in to account so that the optical
source is moved that much closer to the waveguide.
The fluted router cutter was replaced by a cylindrical cutter whose surface is covered with
abrasive material (provided by Abrasive Technology Ltd.). The idea was to try various polishing
routers such as a rubber sleeve on a cylinder with jewellers rouge and a cylindrical router with
and without diamond particles. The advantage of using the polishing router tool over other
polishing techniques such as hand polishing is that it can be controlled by the same CNC
machine that cuts the waveguide and is suitable for mass production. No other equipment is
required and so there is no extra cost in the production. Abrasive wheels are used in the
finishing of metals and ceramics and provide a better surface finish and less damage to the
system. In abrasive wheels, many diamond particles are brazed or bonded to the shank or body to
act as multiple cutting points or polishing materials.
Figure 6.28: Schematic diagram of polishing router.
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Using a polishing router tool for polishing the end facet of the waveguide is a potentially viable
solution as it is fast, incurs no extra cost, is reliable and is suitable for mass production. Figure
6.29 shows the results of using a polishing router tool with 8000 grit and polishing diamonds
with 1 µm size. The Standard deviation of the end facet roughness of a waveguide sample before
polishing was measured to be 350 ± 40 nm. The results in Figure 6.29 show some kind of force
may have pushed the roughness pattern in the rotation direction of the tool on the surface. The
polishing did not improve the roughness; this could be due to the size and hardness of the
diamond particles on the surface of the polishing router and cerium oxide (jewellers rouge)
should have been used as this breaks down progressively during polishing to smaller size erasing
one set of polishing grooves by another finer set.
Figure 6.29: A surface roughness picture taken by AFM A: before and B: after applying the
polishing router. The RMS of the roughness before polishing is 350 nm. It is the same order after
polishing
More investigation on the router and the polishing materials is required for this application.
Unfortunately due to limited time and budget the polishing parameters were not optimised.
6.5 End Facet Roughness Treatment Using a Layer of Polymer
The last section of this chapter describes a new method that has been developed for removing the
end facet roughness permanently; this is the use of waveguide core material to form a thin layer
at the end facet of the waveguides to reduce its roughness. This idea was suggested by David R.
Selviah and was applied by the author with Kai Wang and Richard Pitwon. This behaves like an
index matching fluid but without its drawbacks. The procedure implemented is shown in Figure
6.30. Firstly a small amount of liquid core polymer is applied to one end of the optical layer.
Secondly a silicone lubricant aerosol release agent (CP1051 produced by CRC Industries UK
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Ltd) covers one side of a glass slide (made by Menzel-Glaser) and is pushed (about 400 Pa
pressure) against the waveguide end facet. The surface roughness of the microscope slide is 9 ± 3
nm (measured by AFM). The slide was used for two reasons; first to achieve a flat surface at the
end of the waveguide and second, to be transparent and to make sure the added core material
does not go beyond the cut waveguide.
Figure 6.30: Procedure for waveguide end facet smoothing technique using core material .
Ultraviolet (UV) light was then used to cure the polymer through the glass slide which was then
removed. The coupling loss was measured and the process repeated for the other side of the
waveguide facet.
Nine waveguides of different lengths in an OPCB board [6.8] were measured before and after
applying the refractive index matching fluid. Figure 6.31 shows the measurements of the
insertion loss in comparison with optical loss measurements after applying the core material to
the end of the waveguide. The graph indicates that the loss is reduced by the same or a greater
extent than by using the index matching fluid method.
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Figure 6.31: The measured loss for different values of end facet roughness. The improvement of
the coupling loss after applying index matching fluid averages 2.23 ± 1.2dB, and after applying
TruemodeT M is 2.60 ± 1.3dB.
6.6 Conclusions:
In this chapter, the end facet roughness due to the use of dicing saw and flute router for cutting
waveguides was investigated. It was found that the surface of the waveguide cut by a dicing saw
is smoother than a flute router as the average roughness after using dicing saw was 61 nm
(cutting with 30,000 rpm, cutting speed = 0.6 m/min, diamond particle size on the resin blade 30
µm) while the lowest RMS roughness achieved for milling router was 183 ± 13 nm.
To find the relation between the waveguide surface quality and the router parameters, several
routers with different numbers of cutting edges (flutes) were tested. The results from using
routers with one, two and three flutes show that one flute router provides a better surface quality
in terms of the roughness magnitude. The three-flute router cutter leaves a very rough surface
(standard deviation of 911± 285 nm). Some groove or gouge-shape structures could be observed
on the surface cut by a three-flute cutter. The one-flute cutter gives a better and smoother surface
(standard deviation of 183 ± 13 nm).
After choosing the one flute router, to optimise the parameters for this router, several samples
were cut with different rpm and cutting speed and were tested to find the best cutting parameters.
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The best surface quality in terms of low magnitude of the roughness was achieved with 15000
rpm, and 0.25 m/min cutting speed.
Another issue to consider happened at higher rpm (between 34000- 70000 rpm). The end facet of
the waveguides cut within this range of rotation speed appeared to be covered with another layer
of material and the waveguide source (core material) was not clear under the microscope even
with back illuminating of the waveguide. The layer might be due to the heat created on the
surface of the waveguide.
We also found that the best experimental results were achieved when the rotation and translation
speed are increased or decreased in step with each other. In other words, high rotation speed
should be used with high translation speed and vice versa. This is an interesting result, as in the
case of a high rpm with a low translation speed the cutter touches the surface more and heat
produced causing polymer melting. In addition, a low rotation speed with a high translation
speed applies a translational force to the cutter. In this case the cutter might be tilted, which
affects the end facet quality. More research should be undertaken in this area to clarify the
results.
Optical coupling loss for samples cut with different end facet roughness was measured. The
results indicate that increasing the roughness increases the coupling loss but not in a linear
fashion. The optical loss was increased from 4.8 dB for a sample with 61 nm roughness to 6.8 dB
for a sample with 183 nm roughness. However, for the sample with 340 nm roughness the
coupling loss was increased to 7.8 dB.
To decrease the end facet waveguide roughness a new method of curing a layer of core material
on the waveguide roughness was invented and successfully tested. The results of this research
show an average improvement of 2.23 ± 1.2 dB in the coupling loss after applying index
matching fluid, and 2.60 ± 1.3 dB after applying a layer of Truemode.
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Chapter 7: Experimental Measurement and
Computer Modeling of Loss and Crosstalk in
Multimode Step-index Photolithographically
Fabricated Polyacrylate Polymer Waveguide
Crossings
7.1 Introduction
In this chapter, the optical loss of crossing polymer waveguides with low refractive index
contrast between core and cladding material (0.03) is considered by simulation and experiment.
The waveguides are simulated using ray tracing and beam propagation methods. The aim of the
simulations is to find the optical loss in a channel waveguide due to the crossing waveguide for
various crossing angles and widths.
The optical part on an OPCB can be more compact and has fewer layers than the electrical part
as optical signals can cross each other without suffering from severe crosstalk. Crossings where
two or more waveguides intersect in the same optical layer become critical components in the
optical design of the OPCB layout. Waveguide crossings are useful and can be applied in the
design of the OPCB boards as waveguides need to route around cutout areas, electrical
components and any other obstacles on an OPCB (Figure 7.1)[7.1]. It will also help to avoid
sharp bends in the design as bent waveguides are a principal source of optical loss [7.1;2].
Waveguide intersections can occur in several possible configurations, for example; straight-
straight, straight-bend and bend-bend. Despite the benefits of using crossing waveguides, and
although most of the light travels along the intended waveguide, a proportion of the optical
power in one waveguide is coupled into the crossed waveguide after passing each intersection
point, especially for small crossing angles (Figure 7.1). This coupling phenomenon causes
optical loss and crosstalk in the system which is dependent on the crossing angle between
waveguides [7.3;4]. Apart from the optical energy which is coupled into the crossed waveguide,
some of the optical energy is lost by entering the cladding area as beams contain this energy do
not satisfy the total internal reflection (TIR) criteria. Consequently the crossings in OPCBs need
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to be carefully designed to reduce both loss and crosstalk and to increase the performance of the
system by reducing the bit error rate.
Figure 7.1: Top schematic view of a waveguide crossing with crossing angle θ. 
Optical loss at waveguide crossings can be explained by geometrical optics and wave optics.
Considering Figure 7.1 and based on wave optics, the optical power is distributed between the
confined modes inside the horizontal waveguide. Waveguide crossing will cause a change in the
modal distribution of the travelling light at the crossing as the waveguide structure and so the
boundary condition changes at the crossing[7.5]. Some of the power contained within a
waveguide may be coupled to radiation modes[7.5] and, hence, be lost to another waveguide or
coupled into the cladding. From a geometrical point of view, when the incoming or internal
reflected light reaches the intersection point, the incident angles are larger than the critical angle
of the waveguides due to the different geometry at the crossing part and the optical power in the
rays, which do not satisfy total internal reflection condition, will be lost. For the crosstalk, all of
the light that enters the branch waveguide at the incident angles less than the critical angle of the
waveguides will continuously propagate along the branch waveguide. (All waveguides are made
of the same core and cladding materials and have the same TIR condition).
The optical loss due to several crossings has been tested by experiments and simulation and the
research in this area was reviewed in Chapter 2. However, most of the previous research is on
high index difference silicon based waveguides for semiconductors. In addition, no one has
considered the optical loss due to the waveguide crossing by both simulation and experiments
and explained the factors affecting the loss.
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7.2 Computer Modeling and Simulation
The crossing waveguides are simulated using beam propagation and ray tracing techniques. The
simulated structure is a channel waveguide with a cross-section of 50 μm × 50 μm. The 
wavelength of the source is 853 nm and the refractive indices of the core and the cladding are
chosen (based on the minimum absorption loss 853 nm) to be 1.5560 and 1.5264 respectively;
the simulation parameters were chosen to be as close as possible to the manufactured waveguide
for comparison with the experimental results. Figure 7.2 shows a photograph of a set of 50°
crossings and a straight reference waveguide which was used in the experimental measurement
of optical loss due to the crossing waveguides explained in the next section.
Figure 7.2: Photograph of 50° waveguide crossings taken with a Nomarski microscope using front
illumination.
7.2.1 Beam Propagation Method (BPM) Using R-soft BPM Software
The aim of the simulations is to find the optical loss in a channel waveguide due to the crossing
waveguide for various crossing angles and widths. The simulation should be as similar as
possible to the experimental configuration where we use a multimode optical fibre as the light
source and the output of the VCSEL is coupled into the fibre as explained in chapter 5. In
addition, the loss just due to the crossing waveguides and, therefore, the optical loss due to the
fibre-waveguide mode mismatch and the radiation mode at the start of the waveguide can be
deduced from the results. To fulfil this goal, the input field is launched from air into the
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waveguide and propagated to reach to the stable situation after radiating away all the radiation
modes and then the crossed waveguide is placed after the stabilisation length of the waveguide
and simulated. In this case, all the loss will be just due to the crossing and not excited radiation
modes at the input.
To find the distance over which all the radiation modes radiate away and the power is stable
inside the waveguide, two Gaussian input fields, located in the centre and diagonally off-centre
were launched into a straight waveguide. Two Gaussian source in the centre of the waveguide
and off-centre causes all the symmetric and anti-symmetric modes to be excited and the results is
more realistic. The launched field in the centre excites all the symmetric modes and the off-
centre field excites the anti-symmetric modes in the waveguide. Some of the optical power is
radiated away from the waveguide at the input of the waveguide due to the mismatch between
the input field and the modes of the waveguide. The waveguide length over which the optical
power becomes stable inside the waveguide was calculated from the power fluctuation across the
waveguide. Figure 7.3 shows an example of the simulation.
Figure 7.3: The simulation of a straight channel waveguide and the power fluctuation inside the
waveguide. The input is two Gaussian beams. One in the centre and the other 2 are offset from the
centre.
As indicated in Figure 7.3 the power is stabilised inside the waveguide after about 4000 µm and
propagates with slowly decreasing power level. Several simulations were performed by changing
the number of source, position of the offset sources from 3 µm to 10 µm offset from the centre of
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the waveguide. The stabilising distance was found to be 5 ± 1 mm. This number (5mm) is used
for simulating the crossing waveguides. The input source was Gaussian with a width and height
of 50µm. The stabilising distance shows where the crossing should be placed to find the optical
loss due to the crossing only. If the crossing point is within the stabilising distance then the loss
will depend where the crossing is in the initial propagation region of the waveguide and so will
not be consistent. Therefore, to avoid the effect of mode mismatch loss at the start section of the
waveguide, the waveguides are placed with a distance of at least 6000 µm from launching
position. Another reason for doing this simulation is that we save the complex data including
direction, amplitude and phase after the straight waveguide when the power is stable inside the
waveguide and then launch it into a crossing section as the input (chapter 4). In this case, the
length of the waveguide can be chosen to be smaller (at least 5000 µm) so the simulation time is
reduced.
7.2.1.1 Waveguide Crossing Simulation Using BPM Method
To find the optical loss at the waveguide crossings with different crossing angles, several
simulations were performed where all the parameters were the same except the crossing angle.
Waveguides with several crossings were simulated to average the results and reduce the error of
the optical loss calculation. In the case where there is more than one crossing, the waveguides
have sufficient separation (at least 5 mm) to enable the modes to become stable again before
striking the next crossing area. The optical loss was calculated by finding the average for all
crossings. Figure 7.4 shows a view of the simulated waveguides and also the waveguide
parameters. The crossing angles were changed from 5º to 20º due to the limitation in BPM
algorithm. The crossing angles look larger in Figure 7.4 which is just due to the aspect ratio of
the figure.
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Figure 7.4: Schematic diagram from layout and BPM parameters for the waveguide crossing
simulation where four crossing are investigated. Source was either a Gaussian beam or the saved
profile at the end of a straight waveguide.
The crossing waveguide in this figure shows the core material; all the background is regarded as
the cladding area. Figure 7.5 shows a result of simulation using BPM method. The optical power
inside the core material (green graph) and inside the simulation area (blue graph) is monitored
and the optical loss at each crossing is shown. The saved data (amplitude and phase) of a 10 mm
straight waveguide was used as the input source to avoid the 5 mm waveguide length required
for stabilising the optical power.
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Figure 7.5: The normalised power inside a waveguide for 4 crossings with angle of 20º. The green
graph is the power inside the core material and the blue graph is the power inside the simulation
area which is 30 µm larger in height and width.
Several simulations with different input and grid size were performed and the optical loss for
each crossing was calculated. The result for the simulations is plotted in Figure 7.6.
Figure 7.6: Optical loss for crossing waveguides with different crossing angles. The width of the
waveguides is 50 µm.
The optical loss in Figure 7.6 is the result of the crossing waveguide in each case and as it is
predicted the optical loss reduces by increasing the crossing angles. However, the reduction in
loss is not linear and the graph descends more rapidly for the small angles (up to 10º). The
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crossing angle has been increased up to 20º due to the limitation of the BPM method.
Waveguides with 4 and 6 crossings were simulated and the error bars calculated by finding the
standard deviation of the optical losses for several crossings. This result is compared with the ray
tracing method and experimental results in the following sections.
7.2.1.2 Crossings with Different Width:
Waveguides with various crossing widths were simulated. The main waveguide is the same as in
the previous section and has a cross-section of 50 µm × 50 µm. The crossed waveguide width
varied between10 µm to 90 µm and optical loss was calculated for crossing angles of 10, 15 and
20°. The results are shown in Figure 7.7. This simulation was carried out after comparing the
experiment with simulation results achieved in section 7.2.1.1, as the results did not agree with
each other. It will be discussed in this chapter in section 7.4 in detail.
The purpose of this simulation will be explained in the discussion section but here it should be
mentioned that the final size of the waveguide depends on the manufacturing process due to over
or under etching, particularly for small crossing angles (less than 20°). Therefore, it is very
useful to find the value of optical loss with size variation of one of the crossed waveguides.
Figure 7.7: Optical loss for the 50 µm × 50 µm waveguide with various cross widths.
Increasing the width of the crossing waveguide enlarges the area into which light can be coupled
into the crossing waveguide from the main waveguide. Therefore, the wavefront expands into a
larger area, or, in other words, new modes are excited which are unguided for the main
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waveguide as the side wall is missing at the crossing region. The expanded wavefront loses some
of the energy as it arrives at the end of the crossing and must be guided inside the main
waveguide. Figure 7.7 also indicates that the optical loss is more severe for smaller crossing
angles which correspond to a longer region of the main waveguide in which the sidewall is
missing.
7.2.2 Simulating Crossings with Ray Tracing
Simulation of waveguide crossing using wave optics has some limitations, in particular, with
respect to the crossing angle. If we were to solve Maxwell’s equations in full vectorial mode, the
amount of memory and calculation time is significantly increased. Classical geometrical optics
where light is considered as rays or particles rather than waves, can be used for simulation. In
this method, the rays are traced through the system starting from the light source and change
direction when they pass through an object with a different refractive index [7.6]. In the
waveguide, millions of rays (defined by the user) are emitted from the source depending on its
design, and each ray is traced inside the waveguide. The ray tracing method uses total internal
reflection and Fresnel equations to trace the rays and calculates the number of rays that are
detected at the desired detector. In terms of simulation by computers, ray tracing programs
require less memory and are much faster (a calculation which takes 2 days in BPM, takes 10
minutes in ray tracing) and there is no limitation on the crossing angle.
The schematic diagram in Figure 7.8 shows the simulation model for waveguide crossings using
the ray tracing method. A crossing structure basically contains two straight 50 µm × 50 µm
waveguides that intersect each other at an angle between 0 to 90º. The waveguides have a core
layer inside a cladding layer. The core has a relatively higher refractive index of 1.5560 while the
cladding’s refractive index is 1.5264 in order to guide the light.
Figure 7.8: Schematic diagram of the crossing waveguide
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The source used in this simulation is a step index multimode fibre with the core diameter of 50
µm at a wavelength of 853 nm and NA= 0.22 which matches the NA of the fibre used for the
experiment.
The length of each straight section is 100 mm and the input fibre source is placed 1-2 µm away
from the entrance of the waveguide. 1-2 µm is the distance between the fibre as the source and
the waveguide in the experiment. The intersection takes place at the centre of the two
waveguides. This distance is after the stabilisation length and the rays are confined in the core
area before striking the crossing section. Two rectangular shape detectors are placed at the end of
each waveguide to measure the power output from each waveguide. One detector also records
the power before the crossing section in the main waveguide (with the input source). This
detector is placed after the stabilising distance and close to the crossing section. Power is
measured by counting the number of rays that impinge on the detector surface. The power of the
source is set to be 1 mW and 1,000,000 rays are generated from this source and power loss is
simulated at crossing angles from 10 to 90 in steps of 10º. Figure 7.9 shows the results of the
ray tracing simulation for the waveguides with various crossing angles. The NA of the fibre as
the light source was chosen to be 0.22 and the optical loss for crossing with different angle was
found. Figure 7.9 shows the results for the waveguides with various crossing angles. The results
show a high magnitude of loss (more than one dB) for sharp angles (less than 20º).
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Figure 7.9: Ray tracing results for simulation of crossing waveguides with different crossing
angles.
7.3 Experiment
In this section the experimental results of the optical loss in crossing waveguides are presented. It
should be noted that this research was carried out with Kai Wang. The light source used is an
853 nm VCSEL launched into a standard 50/125 µm step index multimode fibre (NA = 0.22).
The fibre source was aligned and butt-coupled to the waveguide. Crossing angles were measured
from 10 to 30 in increments of 5, and 40 to 90 in increments of 10 giving 11 crossing
angles in total. There are a number of loss mechanisms involved when light propagates through
the crossing including coupling and propagation losses which were reviewed in chapter 4 section
4.3. However, as only the loss purely due to the crossing structure is of interest, all the optical
losses were excluded from the experiment results to achieve the optical loss due to the crossing
by arranging the experiment below.
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Figure 7.10: Schematic diagram of the crossing waveguides used for measuring the optical loss
caused by the waveguide crossings. The size of the waveguides was designed to be 50 µm.
Figure 7.10 shows a schematic diagram of the waveguides. Three identical straight waveguides
were fabricated on an FR4 substrate. 2 waveguides out of these three were crossed with 6
identical waveguides. Therefore, there were 6 crossings for each crossing angle. Since the 3
straight waveguides were exactly the same, the output power of these straight waveguides was
expected to be equal. Hence, when crossings are placed in one of the waveguides, the difference
in output power between the straight waveguides with and without crossing is purely due to the
crossing waveguides. The optical loss for each crossing angle was measured 50 times as the
input power was set to be 0 dBm and the output power was low (-10 dB) and the measurement
was repeated to reduce the error bar by averaging 50 measurements. The crossing angles were;
10°, 15°, 20°, 25°, and from 30° to 90° in increments of 10°, giving a total of 11 different angles.
The optical power loss (in dB) detected at the end of the waveguide with crossings was
subtracted from the optical loss detected at the end of the waveguide without crossings to find
the optical loss due to the 6 crossings (The input power for this experiment was arranged to be 0
dBm). The mean value of the optical loss for each crossing angle in the 50 measurements was
divided by 6 to find the optical loss due to one crossing.
Chapter 7: Experimental Measurements and Computer Modelling of Optical Loss in Waveguide
Crossings
149
Figure 7.11: Experiment results for the optical loss per crossing for different crossing angle
Figure 7.11shows the optical loss measurement for each crossing versus the crossing angles. The
vertical axis in this figure is the optical loss per crossing which is defined as the power measured
at the end of the straight waveguide containing 6 crossings divided by 6.
7.4 Discussion of the Results of Crossing Waveguide Simulation and
Experiment
Two sets of data from simulations with BPM and ray tracing methods are compared with the
experiment results in Figure 7.12. The results show a large difference between the experimental
and the ray tracing simulation results. First the BPM and experimental results are compared. The
experimental results are referred to as the main results and are of a similar order of magnitude to
those reported by other partners in other institutes and universities [7.7].
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Figure 7.12: Simulation and experimental results for the crossing with various angles. BPM
method, ray tracing, and experiment results are compared.
7.4.1 Comparison between BPM results and experiments
Figure 7.13 shows the BPM results and the experimental results on the same graph. The results
show that the optical loss for any particular crossing angle is smaller in the BPM results
compared to the ray tracing method and the experiment results. On the other hand the graphs
have a very similar form. In order to determine the possible source of the difference, the
waveguide structure which is shown in Figure 7.2 and Figure 7.14 was considered.
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Figure 7.13: Comparing the experimental results with BPM simulation results for the crossing
waveguide with various crossing angle
The sizes of the waveguides in these figures were designed to be 50 µm but the pictures show
that the angle corners of the waveguides are not quite sharp. This is due to the manufacturing
technique where there are remains of residual core material after UV curing and washing the
non-cured polymer.
Figure 7.14: Top view micrographs showing two waveguides intersecting with (a) an optimum
crossing angle of 90o and (b) a crossing angle of 35o
As explained in Chapter 2, in the manufacturing process, the core material is exposed to UV light
through a mask where the designed waveguides are printed. Although the mask is kept as close
as possible to the material (about 100 µm) the UV light is not collimated and diverges after the
mask and gives a larger cured area. Therefore, some of the core material becomes trapped in the
corners and is cured in the cladding curing process. In any case, it is harder to wash away
uncured polymer from the acute section of small angled crossings. In Figure 7.15 the size of the
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waveguides appears to be larger at the position of the waveguide crossing due to the residual
material of the core produced during the manufacturing process.
Figure 7.15: Schematic diagram of a crossing section and the residual core material (Figure 7.14).
In the designed waveguide only rays marked (b) are coupled out at the crossed waveguide,
however, in reality any rays between (b) and (a) will escape into the crossed waveguide
Figure 7.15 shows the effect of the residue at each crossing on the propagation rays. Without the
residual part only rays marked (b) will be coupled out at the crossing waveguide, however, with
the presence of residue, there is an increase of the width of the crossed waveguide. Therefore, all
of the rays which impinge on the distance between rays marked with (b) and (a) will escape the
waveguide as this area is covered with the core material and rays continue to propagate which
goes to the crossing waveguide.
Figure 7.7 can now be reconsidered to find the particular size for the waveguide for each
crossing angle taking the residue into account. The diagrams show that for a sharp angle such as
10° the optical loss approaches the experimental value (0.159 dB) when the crossing waveguide
size is about 75 µm ± 5 µm. This means that the residual gives an increase of 20% to the
waveguide size on each side; the increase reduces with increasing crossing angle. Therefore, a
potential source of the difference between the results of the BPM simulation and experiments
could be the residual core material.
7.4.2 Comparison between ray tracing results and experiments
Figure 7.16 shows the ray tracing simulation results and the experimental results and it can be
seen that the simulation results predict a much larger optical loss for each crossing angle.
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Figure 7.16: Optical loss of one crossing as a function of the angle of the crossing for a
calculation using ray tracing compared to the experimental result . The input source has an NA=
0.22.
The difference in the optical loss measured by experiment and calculated by ray tracing method
is shown in Figure 7.17. The light source for the simulation is an optical fibre with 50 µm core
diameter and NA= 0.22, which is the same as for the experiments. The difference between the
simulation and the experiments must be considered; for example ray tracing assumes a
rectangular waveguide with smooth walls and no wall roughness.
Figure 7.17: Difference between the optical loss in ray tracing simulation and the experiments.
The input source for the simulation is a fibre with 50 µm core diameter and NA= 0.22
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The ZEMAX software traces millions of rays in a cone for NA= 0.22 inside the waveguide and
then follows them until they strike the detector or are lost. Therefore, any ray which is subject to
total internal reflection will be guided inside the waveguide. The NA of the fibre indicates that
rays are emitted in the cone with half angle of 12.70º and Snell’s law determines the maximum
angle inside the waveguide is 8.1º which means the incidence angle on the core cladding
interface is 81.9º. These numbers were calculated based on the numerical aperture formula for a
waveguide[7.5].
ܰܣ = ݊݅ݏ݊ߠ= ට ௖݊௢௥௘ଶ − ݊ ௖௟௔ௗଶ
݅ݏ݊ߠ௖ = ௖݊௟௔ௗ
௖݊௢௥௘
Where n is the refractive index of the medium outside the waveguide/fibre and, θc is the critical
angle of the waveguide/fibre. The critical angle of the waveguide is 78º so that any ray which
enters the waveguide will propagate within it. The difference from an actual waveguide is the
existence of wall roughness across the waveguides which causes scattering to radiation modes
which are lost [7.2;7]. Therefore, only rays with a shallow angle (low order modes) propagate in
the waveguide. To determine the range of angles which propagate a colleague (Kai Wang) has
measured the output of the waveguide; his measurement shows that the maximum output angle is
about 7º ± 2º.
To simulate the low order mode inside the waveguide the NA of the source was reduced to find
the smallest NA which shows optical loss comparable to the experiments. The best results were
achieved where the NA = 0.05. The results are shown in Figure 7.18 where the loss in the
experiment is the same magnitude as the simulation when experimental error is taken into
account.
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Figure 7.18: Experimental results and the ray tracing results for the source with NA=0.05.
The NA = 0.05 indicates that the output angle is 5.7º which is in good agreement with the
measured 7º.
7.5 Conclusions:
In this chapter, the optical loss due to crossing waveguides was calculated for different crossing
angles. For the first time the results from two different simulation approaches, beam propagation
and ray tracing were used and the simulation results were compared with the experiment results.
Most of the previous research on crossing is for different material, such as silicon waveguides, or
just for 90º crossings.
The results showed that the beam propagation method estimates a lower loss than the
experiments, especially for sharper angles. For example, the optical loss due to a crossing angle
of 10º was estimated by the BPM to be 0.078 dB while it was measured to be 0.159 dB. To
investigate the source of the difference and as the difference in the results was larger for the
smaller crossing angles, the measured waveguide was studied and it was found that there is some
core material left at the corners of the crossing waveguides, which makes the width of the
crossed waveguide larger. This is due to the residue remaining during the waveguide fabrication.
This can be improved by either bringing the mask more close to the core material during the
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curing or by using more collimated light during the curing process. It cannot be removed
completely due to the diffraction of the UV curing light at the edge of the mask.
To find the estimated increase in the waveguide width due to the residue, crossing waveguides
with different width on the crossed waveguide were simulated and it was found that if the
increase of the waveguide width is 20 % ± 5%, the experimental results agree with the
simulation. On the waveguide sample, the residue was measured to increase the waveguide width
for 15 % ± 3 %, which is a good agreement with the simulation.
Ray tracing methods was also used for the waveguide simulations, as the BPM algorithm can
simulate the crossing angles only up to 20º. The results from ray tracing were opposite to the
BPM results as they showed 10 times higher optical loss. To find the source of this error, the
process of optical loss at the crossing was reconsidered. The optical source for the simulation
was an optical fibre with NA of 0.22 and the waveguide NA is 0.3. The critical angle of the
waveguide is 78º so that any ray which enters the waveguide will be propagated within the
waveguide. In an actual waveguide wall roughness causes beams with sharper angles (high order
modes) to radiate away from the waveguide. Therefore, only rays with a shallow angle (low
order modes) are propagated in the waveguide. To determine the range of angles that propagate
inside the waveguide, the NA of the source was reduced to find the smallest NA which shows
optical loss comparable to the experiments. The best results were achieved where the NA = 0.05.
This NA corresponds to an angle of 6 degrees. The interesting result is that the output angle of
the waveguide was measured in our group by Kai Wang to be 7º ± 2º.
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Chapter 8: Waveguides and Lightguides for Laser
Beam Combining, Homogenisation, and Beam
Shaping for Display Backlighting
8.1 Introduction
In this chapter, a new method of using multimode optical waveguides as part of the light engine
for laser backlit displays is explained. The aim is to use optical waveguides to combine,
homogenise and shape the optical power of three red, green and blue lasers which were discussed
in chapter 5 as part of the 3D autostereoscopic HELIUM3D display. Although the focus in this
chapter is on the light engine for this 3D autostereoscopic system, the discussion and comparison
are more generally applicable to other laser beam and laser backlit display applications. Several
different designs of waveguide for use in a light engine are proposed, for the first time, and
compared and the most suitable option (based on the laser beam structure, efficiency, safety, and
cost) for the light engine of the HELIUM3D system is selected. The designs include sending the
laser beams into a single waveguide directly or using an intermediate section for laser-waveguide
coupling. The selected proposed designs are simulated and experimentally tested in the next
chapter (chapter 9).
In chapter 5 the HELIUM3D system was described and the lasers chosen as the light source were
introduced. It was also mentioned that the light engine in this system is responsible for
combining and shaping laser beams to deliver a uniform white beam with ideal dimensions of 10
mm × 100 µm for scanning across the image forming section which uses a liquid crystal on
silicon (LCoS) modulator [8.1;2]. The light sources were chosen to be multi-emitter lasers with
at least 3 W of optical power for each colour to provide enough optical power and reduce the
speckle contrast. It should be reminded that due to the structure of the NECSELs the beam waist
of the emitters are inside the laser housing and are not accessible. The housing is blocked with an
infrared filter and there is no access into the housings.
In this chapter, different approaches for light engine designs are proposed and their advantages
and disadvantages are considered and then the challenges for using waveguides in light engines
are investigated. In section 8.3, various possibilities for laser-waveguide coupling are considered
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and the challenges are compared in order to choose the best option by considering the lasers and
the waveguide structure taking into account safety, reliability, and cost of the system. At the end
of the chapter, the ageing properties of a newly developed polymer material supplied by
Microsharp Ltd. for use in microlens and waveguide fabrication is tested by experiment to find
the effect of high optical power intensity on the polymer’s optical performance.
8.2 Proposal and Comparison of Various Approaches for Designing
the Light Engine for HELIUM3D System
Several approaches can be employed for beam shaping and power homogenisation across the
output light column required for the light engine of HELIUM3D. Free space, fibre combiner and
waveguide combining methods were considered.
− Free space combining utilises lenses, prisms and other optical elements in the system
without confining the beam inside a fibre or waveguide. Several free space methods have
been reported [8.3]. They use diffraction, reflection and refraction phenomena to change
the beam to a favourable profile.
− In the fibre combiner method, laser beams are combined while they are propagating
inside an optical fibre. In this approach, each laser beam is coupled into a single fibre and
then the fibres are joined into the combiner unit which is normally a fibre with larger core
area [8.4]. The HDI Company has developed a system using a fibre to combine red,
green, and blue laser beams. The output of these one watt lasers is coupled into a 50 µm
core diameter fibre and the output white light is reported to be 1000 lumens [8.5].
Employing a fibre combiner has the disadvantage of depolarizing the laser light (the
image forming in some display systems, particularly those employing liquid crystal
modulators, such as HELIUM3D, requires polarized light). The use of a single mode
polarisation maintaining (PM) fibre could maintain the polarisation of the laser beam but
there are issues regarding the coupling efficiency between laser beams and the single
mode fibre. The core diameter of a single mode fibre is a few microns and the laser beam
must be coupled into this small area. The efficiency of the HDI system is 20% and the
lasers are single emitter diode pumped solid state lasers (DPSS). The laser-fibre coupling
requires sophisticated optical design of the optical elements for multi-emitter lasers due
to the low beam quality (typically M2 > 100) and the large diameter of the laser beam
Chapter 8: Waveguides for Laser Beam Combining, Homogenisation, and Beam shaping for
Display Backlighting
160
(compared to the fibre diameter) which increases the cost of the system. Moreover, the
light needs to be shaped after emerging from the fibre so that other optical components
are required to shape the beam.
− In the waveguide combining method the laser beams are combined, homogenized and
shaped using just a waveguide, so there is no need for other optical components to shape
the beam after combining. In addition, laser coupling into the waveguide can be more
efficient for larger diameters of waveguide. The waveguide method has not been
considered before in the literature and is explained and clarified in the next section in
detail.
The optical design and required elements for beam shaping depend on the laser beam quality or
étendue which depend on its lateral dimensions and angular divergence [8.6-8]. Single emitter
lasers have a better beam quality or étendue (M2=1) than multi-emitter lasers (M2≥30) and the 
energy is confined in a small area which provides a high intensity. (Beam quality factor or
étendue shows how close a laser beam is to the diffraction limited situation. The best situation is
when M2=1 which is called diffraction limited. Other laser beam quality factors are derived from
dividing the beam quality into the diffraction limited situation [8.9]).
8.2.1 Free Space Method for Designing the HELIUM3D Light Engine
The light engine in the HELIUM3D system is responsible for shaping the beam and delivering a
uniform white column of light. To achieve the required beam shape, a specific free space system
was designed by Koҫ University to transform the laser beams into a single uniform line. The 
design consists of beam shaping optics which includes a beam combiner and a microlens
homogenizer. The microlens homogeniser was first proposed by David R. Selviah [8.10] in 1995
for use with an LED source. Kurtz [8.11] followed this research and extended it by including
additional field lenses. Figure 8.1shows a schematic diagram from the optical configuration used
by Koҫ University for the free space approach in the light engine of the HELIUM3D system.    
Chapter 8: Waveguides for Laser Beam Combining, Homogenisation, and Beam shaping for
Display Backlighting
161
Figure 8.1: Optical layout of the microlens array for 1D laser array homogenizer.
Both the designs of Selviah and that of Koς were aimed at homogenising a single source of a 
small lateral extent. There are two problems with using this approach for several multi-emitter
lasers as shown in Figure 8.1. Firstly, based on the structure of the NECSEL laser beam and the
optical design in Figure 8.1, just one row of emitters can be used and consequently half of the
power is lost at the first stage as the second row of the emitters is not used. Secondly, as the laser
is a multi-emitter laser, a multi-spot structure is formed at the final stage which causes non-
uniformity across the image. Figure 8.2 shows the scanned line on the LCoS device after beam
shaping and homogenizing using the microlens array. In this case, uniform illumination of the
LCoS modulation device cannot be achieved with only static components and both interference
and speckle will cause non-uniformities in the intensity distribution of the line which is scanned
across the LCoS modulation device, thus resulting in brighter and darker horizontal bands on the
display (Figure 8.2).
Figure 8.2: The recorded pattern of the scanned line after using free space homogenisation of the
NECSEL laser beam
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In order to solve this problem, four possible solutions were considered:
1. The use of a non-periodic microlens array having variable pitch across the array to
produce different interference patterns overlapping each other which give a uniform
illumination [8.12].
2. Vibrate the micro-lens array [8.13] which increases the uniformity by integrating the
multiple patterns in time but this needs to be changed faster than the response time of the
human eye.
3. The use of a deformable MEMS membrane before the micro-lens array to average out the
interference pattern [8.14].
4. The use of an optical fibre/waveguide[8.15].
The ﬁrst solution requires the optical system to be redesigned as the width and length of the light 
line at the ﬁnal stage depends on the microlens arrays and their properties. Moreover, 
manufacturing a custom designed microlens costs about $10,000 which increases the cost of the
system.
The second solution is not appropriate as mechanical vibration can introduce more diﬃculties
into the system. The microlens array consists of several diﬀerent layers glued together and the
vibration could degrade the performance and de-laminate the lens assembly. The best solution is
to use an optical waveguide to couple the optical power of different emitters into the waveguide
modes. In this method the laser is coupled into a single multi-mode fibre. The light is
homogenized by multi-mode propagation inside the fibre and the fibre can be vibrated to reduce
the speckle if required.
The first advantage of this method is that it is very convenient and safe to use. If the lasers are
coupled into an optical fibre, the output light can be used anywhere away from the laser module
whether far or distant by increasing the fibre length. Here the idea is to couple the optical power
of the laser emitters into the waveguide/fibre and remove the multi-spot problems that occurred
in the free space. The optical power is distributed between the propagation modes of the
waveguide/fibre and there is no multi-emitter source at the output of the fibre. Another
advantage is that optical fibres can propagate tens of watts of optical power and deliver it
anywhere where it is needed in the system without any issues arising relating to laser safety.
However, the challenge of using fibre is that if the fibre is to be multi-mode to achieve a high
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optical power coupling efficiency, the output from the fibre will be unpolarised and must be
polarised if the image-forming device is sensitive to the polarisation. Also, the output beam has a
circular shape so that if the output profile is required to be in any other configuration an extra
beam-shaping process will be required which increases the cost and complexity of the system.
These are the compromises that will have to be made. In the rest of this chapter, several possible
designs for the light engine using optical waveguides are discussed.
8.3 Laser Beam Coupling, Homogenising, and Beam Shaping using
Optical Waveguides.
In this section several approaches for using optical waveguide in the light engine of the
HELIUM3D system are proposed, discussed and compared. Coupling the laser beam into the
waveguide is one of the challenges which must be considered carefully to achieve an acceptable
efficiency and sufficient power at the output. The beam product parameter (BPP) must be
considered for the various laser beam coupling options to make sure that an efficient coupling is
possible. BPP quantifies the beam quality of a laser beam. It is the product of the beam radius at
the beam waist (in mm) and the half angle beam divergence (in mrad). It specifies the beam
quality and higher BPP indicates the lower beam quality. The lowest BPP possible is for a
diffraction limited beam where the value is λ/π [8.9]. For a circular beam the BPP is the same in
any direction but it can be different for a noncircular beam such as an edge-emitting diode laser.
BPP is a constant value and it does not change as the beam passes through non-aberrative optical
elements. Non-ideal optics can increase the BPP and hence degrade the beam quality [8.9].
To achieve maximum coupling efficiency the BPP of the laser beam must be equal to or smaller
than the BPP of the fibre. In fact, a laser beam’s BPP defines a cone inside which the laser light
propagates after emerging from the laser cavity. Waveguide/fibre’s BPP describes a cone for
which any light beam inside this volume will be captured by the waveguide/fibre and be coupled
into the waveguide/fibre and the light outside the cone will be lost. Therefore, if the BPP for the
laser beam is larger than the BPP of the fibre then some part of the laser beam will be beyond the
coupling limitation and subsequently that amount of power will be lost.
The object here is to couple all of the laser light into a waveguide with the same size as the
required line (10 mm × 100 µm) so that the output of the waveguide is a shaped, homogenised
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light column that is scanned on to the LCoS modulation device. Figure 8.3 shows a drawing of
the waveguide and the actual structure of the lasers; it should be noted that the sizes shown are to
scale. The aim is to couple the output of the red, green, and blue lasers with the size shown in the
figure into a slab waveguide with cross section area of 10 mm × 100 µm. The length of the
waveguide must be calculated to achieve the required homogenisation.
Figure 8.3: Schematic diagram of the three lasers when they are placed next to each other. The
waveguide is also shown as well in order to indicate the difficulties of coupling the three lasers
into a waveguide in free space. The waveguide thickness is 100 µm.
8.3.1 Coupling NECSEL Laser Beams into a Waveguide using Lenses
The first option for NECSEL-waveguide coupling is to use a lens system and couple each laser
beam directly into the waveguide. Two different options can be considered; firstly to image the
emitters of the NECSELs on the input facet of the waveguide. The beam waist of each laser
emitter is 80 µm and imaging this part of the beam on the waveguide (which has a thickness of
100 µm) can provide a good coupling efficiency. However, the NECSELs contain two rows of
emitters with a distance separation of 2271 µm, therefore the emitters cannot be imaged on a 100
µm waveguide surface. The second option is to focus the laser beam onto the waveguide surface.
Figure 8.4 shows an example of using 6 lenses to couple the NCSEL’s output into the
waveguide.
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Figure 8.4: Coupling the output of the NECSEL directly into the waveguide by using optical
lenses. The laser is emitting from the left and after passing through the various lenses is coupled
into the waveguide which is the last object on the right. The waveguide width is 10 mm.
In this approach, a system must be designed consisting of lenses to focus the beam onto the
waveguide input surface. The width of the beam has to be reduced to a maximum value of 100
µm (this is the required width for the final output so the thickness of the waveguide can be
maximum 100 µm) and the divergence should be less than the NA of the waveguide to achieve
the maximum beam coupling efficiency.
Figure 8.5: Configuration of the emitters of the NECSEL
The question here is whether it is possible to reduce the size of the laser beam into 100 µm or
not? To answer this question, the BPP of the laser beam and the waveguide are compared. The
BPPs are calculated as:
ܾ݁ ܽ݉ ݌ܽ ܽݎ ݉ ݁݁ݐ ݎ݌ݎ݋݀ ݑ ܿݐ= ݈ܽ ݁ݏ ݎᇱݏℎ݈ܽ ݂ܽ ݊݃ ݈݁ ݀ ݅݁ݒ ݃ݎ ݁݊ ܿ݁ × ܽݎ ݀ ݅ݑݏ݋݂ ݐℎ ܾ݁ ݁ܽ ݉ ܽݐݐℎ ܾ݁ ݁ܽ ݉ ݓܽ݅ ݏݐ
ܤܲܲ݂݋ݎ݋݊ ݁ݎ݋ݓ݅݊ ݐℎ ݁݌݁ ݎ݌݁ ݊݀݅ܿ ݈ݑ ܽݎ݀ ݅݁ݎ ܿ݅ݐ݋݊ ݐ݋ݐℎ ݁ݎ݋ݓ = 4.8 × 0.04 = 0.192݉ ݉ − ݉ ܽݎ ݀
ܤܲܲ݂݋ݎݐݓ݋ݎ݋ݓݏ݅݊ ݐℎ ݁݌݁ ݎ݌݁ ݊݀݅ܿݑ݈ܽ ݎ݀ ݅݁ݎ ܿ݅ݐ݋݊ ݐ݋ݐℎ ݁ݎ݋ݓ= 4.8 × 1.1 = 5.28݉ ݉ − ݉ ܽݎ ݀
ܤܲܲ݂݋ݎ݋݊ ݁ݎ݋ݓ݅݊ ݐℎ ݁݀ ݅݁ݎ ܿ݅ݐ݋݊ ݋݂ ݐℎ ݁ݎ݋ݓ = 4.8 × 3.8 = 18.24݉ ݉ − ݉ ܽݎ ݀
ܾ݁ ܽ݉ ݌ܽ ܽݎ ݉ ݁݁ݐ ݎ݌ݎ݋݀ ݑ ܿݐ݋݂ ݋݌݅ݐܿܽ ݈ݓ ܽ݁ݒ ݃ݑ݅݀ ݁= ܰ ݉ݑ ݁݅ݎ ܿܽ ݈ܽ ݌݁ ݎݐݑ݁ݎ × ܽݎ ݀ ݅ݑݏ݋݂ ݐℎ ݁ݓ ܽ݁ݒ ݃ݑ݅݀ ݁
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ܤܲܲ݂݋ݎݐℎ ݁ݓ ܽ݁ݒ ݃ݑ݅݀ ݁(ܰܣ = 0.22,݀݅ܽ ݉ ݁݁ݐ ݎ= 100 μ݉ ) = 22 0 × 0.05 = 11݉ ݉ − ݉ ܽݎ ݀
ܤܲܲ݂݋ݎݐℎ ݁ݓ ܽ݁ݒ ݃ݑ݅݀ ݁(ܰܣ = 0.22,݀݅ܽ ݉ ݁݁ݐ ݎ= 10000 μ݉ ) = 22 0 × 5 = 1100݉ ݉ − ݉ ܽݎ ݀
In the equation for calculating the BPP for one row of NECSEL the size of the beam in the
direction of a row of emitters is the size at the beam waist which is 7.62 mm (3× 0.328 + 0.080
=7.62 mm). In the perpendicular direction to the rows of the emitters, the BPP for one row is
about 0.192 mm-mrad and for two rows is 5.28 mm-mrad. On the other hand, the BPP for the
100 µm waveguide is 11 mm-mrad. Therefore, it is possible to send the light into a 100 µm
waveguide. In the direction of the row of emitters, the laser beam has a BPP = 18.24 mm-mrad
but as the waveguide has a larger width (10 mm) the laser can be coupled into the waveguide
(BPP = 1100 mm-mrad).
The problem with using lens systems is that any misalignment of the focused laser beam and the
waveguide will cause light loss of at the coupling section. However, the principal problem for
using this approach is the coupling of three different lasers into one waveguide. Consider the size
of the lasers and the waveguide in Figure 8.3 and required optical lens for each laser in Figure
8.4. The width of each NECSEL is 8 cm and the width of the red laser is 3 cm. Therefore, the
lasers occupy at least 19 cm width (8+8+3) when they are arranged as shown in Figure 8.3. The
waveguide is 10 mm so, it can be realised that using the lens system approach requires
sophisticated optical designs and components to send the three lasers into the waveguide which
increases the cost of the system and in reality is not practical.
8.3.2 Coupling Laser Beams into a Waveguide Using Optical Fibre
Another option for coupling the laser output into the waveguide combiner is to use optical fibres.
There are different options regarding the use of fibre as the mid-section for coupling the laser
into the waveguide. However, it should be noted that there are two optical power coupling
efficiencies that must be considered for each fibre; the coupling of the laser beam into the fibre
and the coupling of the output of the fibre into the waveguide. For each of these couplings the
BPP agreement should be checked.
8.3.2.1 Fibre ribbon:
Fibre ribbons consist of a certain number of fibres arranged horizontally next to each other with
a specific distance between the fibres. In fact, the fibres are glued inside a number (depends on
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the design) of grooves with specific distance between the grooves. This arrangement of fibres is
used in laser guiding and photonics [8.16-20]. The aim is to couple each laser emitter into a
single fibre of the ribbon and at the other end the fibre ribbon is attached to the waveguide end
facet. Figure 8.6 shows a schematic diagram from the method. Standard MT connectors can be
used to connect the fibre ribbon into the waveguide. This method requires a design of lenses to
focus the beam from each emitter into one fibre. The advantage of the fibre ribbon method is that
the fibre ribbon can be easily handled, moved around and adjusted to the design of the system as
it can be bent or twisted around any object as long as the bend radius is not smaller than the
permitted radius for the fibre by the fibre manufacturing company. One issue to be still
considered is the core diameter and the numerical aperture of the fibres which are used inside the
ribbon. The larger the diameter of the fibre, the easier and more efficient the laser-fibre coupling
will be as it increases the BPP of the fibre; however, the fibres with larger core diameter occupy
a larger space when they are arranged next to each other at the other end of the ribbon where the
ribbon is attached into the waveguide. It should be noted that the width of the waveguide is 10
mm. Each NECSEL will have two ribbons (one ribbon per row) with 24 fibres in each ribbon.
The red laser will have one ribbon with 20 fibres inside. In total 5 ribbons will be used to couple
the red, green and blue lasers into the waveguide.
Figure 8.6: Schematic diagram showing using fibre ribbon for coupling laser beam into the waveguide.
As each emitter is coupled into a single fibre, it is possible to couple the emitters into single
mode or multi-mode fibres due to the small value of the BPP of the emitters:
ܾ݁ ܽ݉ ݌ܽ ܽݎ ݉ ݁݁ݐ ݎ݌ݎ݋݀ ܿݑ ݐ= ݈ܽ ݁ݏ ݎᇱݏℎ݈ܽ ݂݈ܽ݊݃݁ ݀ ݅݁ݒ ݃ݎ ݁݊ ܿ݁ × ܽݎ ݀ ݅ݑݏ݋݂ ݐℎ ܾ݁ ݁ܽ ݉ ܽݐݐℎ ܾ݁ ݁ܽ ݉ ݓܽ݅ ݏݐ
ܤܲܲ݂݋ݎܽ݅ݏ݈݊݃݁ ݁݉ ݅ݐ݁ݐ ݎ= 4. 8 × 0.04 = 0.192݉ ݉ − ݉ ܽݎ ݀
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To compare fibres with different diameter the BPP and the width of the ribbon at the waveguide
are listed and compared in Table 8.1.
Table 8.1: Comparison of the possibilities of coupling laser emitters into different fibres. The NA
for the fibre and the waveguide is considered to be 0.22.
Fibre core
diameter
(µm)
BPP
(mm-mrad)
BPP of the
waveguide
(mm-mrad)
Width of the ribbon at
the waveguide
NECSEL/Red laser
(mm)
Width of all of the ribbons
(4 ribbons from NECSEL and
one ribbon for the red laser)
(mm)
9 0.99 11 0.216/ 0.180 1.044
50 5.5 11 1.20/ 1.00 5.8
62.5 6.88 11 1.50/ 1.25 7.25
100 11 11 2.40/ 2.00 11.60
Based on Table 8.1 and the BPP value of the emitters, it is possible to couple the emitters into
either single mode or multi-mode fibres as the BPP of the emitters is less than that of the fibres.
Another point to consider is that three lasers with 5 rows of emitters (2 rows of green, 2 rows of
blue and one row of red emitters) must be coupled into the waveguide. Therefore, 5 ribbons must
be used (2 for blue, 2 for green and one for red laser) with these ribbons placed next to each
other and attached to the waveguide. The larger the fibre core diameter, the larger the emitter-
fibre coupling efficiency and the misalignment tolerance. However, fibres with the larger core
area will engage a larger area at the waveguide. For example, if fibres with 100 µm diameter are
used in the fibre ribbon then the width of the beam at the waveguide will be 11.6 mm which is
larger than the waveguide (which is 10 mm). The solution could be a tapered waveguide which
has a larger width at the fibre ribbon and smaller width at the output (Tapers cause more optical
loss[8.21]). Another option to reduce the width of the ribbons at the input of the waveguide is to
put them into a hexagonally close packed 2D array. But the maximum core diameter that can be
used is 9 µm as the thickness of the waveguide is 100 µm and the thickness of the 2D arranged
ribbons must be less than the waveguide thickness.
One should bear in mind that although using 100 µm fibres will be more convenient and reliable
for the laser emitter-fibre coupling, the other end of the system will be less tolerant for
misalignment to the waveguide. The waveguide is also 100 µm and any misalignment between
the ribbon and waveguide will cause optical loss.
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Figure 8.7: Schematic diagram of a fibre ribbon structure. Each emitter is to be coupled into a
single fibre.
In total, reducing the core diameter of the fibres in the ribbon will make emitter-fibre coupling
more difficult but the system will be more robust in terms of misalignment tolerances on the
waveguide side. Therefore, there is a trade-off between the coupling difficulty and the
misalignment tolerance.
8.3.2.2 Multi-mode Fibre:
Another option for coupling the laser beams into the waveguide is to send the beam of each laser
(colour) in one multi-mode fibre and then attach the three fibres (one for each colour) into the
waveguide. The coupling efficiency is challenging as the laser is multi-emitter with a low beam
quality and a sophisticated lens design is required to send all the emitters into one single fibre.
The advantage of this method is that the lasers can be placed away from the system and the
optical power can be used easily anywhere away from the source. This advantage is achieved by
using fibre ribbon but it is important that the fibre is a standard type as this significantly reduces
the system cost (an optical fibre costs 100 pounds while fabrication of the fibre ribbon is at least
7000 pounds). The waveguide combiner system can be used for any type of laser provided the
lasers are fibre pigtailed in case any of the lasers breaks down and needs to be replaced; this fact
is very important and there is no need for another optical design when the laser is changed in the
system. However, the challenge of the coupling efficiency between the laser and the fibre must
be considered. The beam parameter product of the NECSEL beam and the laser are listed in
Table 8.2.
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Table 8.2: The Beam Parameter Product for different fibres to be used for laser beam coupling.
The NA of 0.22 and 0.48 are standard numerical apertures.
ܾ݁ ܽ݉ ݌ܽܽݎ ݉ ݁݁ݐ ݎ݌ݎ݋݀ ݑ ܿݐ݋݂ ܽ ݈ܽ ݁ݏ ݎܾ݁ ܽ݉= ݈ܽ ݁ݏ ݎ′ݏℎ݈݂ܽ ݈ܽ݊݃݁ ݀ ݅݁ݒ ݃ݎ ݁݊ ܿ݁ × ܽݎ ݀ ݅ݑݏ݋݂ ݐℎܾ݁݁ ܽ݉ ܽݐݐℎܾ݁݁ ܽ݉ ݓܽ ݅ݏݐ
ܾ݁ ܽ݉ ݌ ܽܽݎ ݉ ݁݁ݐ ݎ݌ݎ݋݀ ݑ ܿݐ݋݂ ܽ݊݋݌݅ݐܿܽ ݈ݓܽ݁ݒ ݃ݑ݅݀ ݁= ܰݑ݉ ݁݅ݎ ܿܽ ݈ܽ݌ ݁ݎݐݑ݁ݎ × ܽݎ ݀ ݅ݑݏ݋݂ ݐℎ݁ݓ ܽ݁ݒ ݃ݑ݅݀ ݁
Fibre core diameter (µm)
NA
BPP (mm-mrad)
BPP of the laser
beam (mm-mrad)
Efficient
coupling
200
0.22 22 18.24 
0.48 48 18.24 
100
0.22 11 18.24 ×
0.48 24 18.24 
50
0.22 5.5 18.24 ×
0.48 12 18.24 ×
9
0.22 0.99 18.24 ×
0.48 2.16 18.24 ×
The laser-fibre coupling efficiency is reduced when the BPP of the laser beam is larger than the
BPP of the optical fibre. Table 8.2 indicates that the minimum fibre diameter can be 100 µm and
the fibre has to have a large NA of 0.48. In this case, the high divergence of the light from the
fibre output due to the high numerical aperture must be considered as it requires the waveguide
to have at least the same NA to capture the output of the fibre. The BPP of a standard fibre with
100 µm core diameter and NA= 0.22 is 11 mm-mrad. Comparing the fibre beam parameter
product and laser BPP (18.24 mm-mrad), indicates that the fibre coupling is not efficient as the
fibre captures about half of the power emitted by the laser.
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Figure 8.8: Schematic diagram for using fibre to couple the laser light into the waveguide.
To reduce the BPP of the laser beam and improve the beam quality we either need to increase the
fill factor and reduce the divergence angle (fill factor is the ratio of the emitter size in near field
to the distance between the emitters) or use other optical elements such as step mirror and optical
lenses to increase the beam quality in one direction and reduce it in the other direction [8.22-26].
Step mirrors rearrange the position of the emitters and consequently the laser beam is more
symmetric in x and y directions (the laser beam in the direction of the rows (x) is about 8 mm and
in the perpendicular direction to the rows of emitters (y) is about 3 mm. The step mirrors
rearrange the emitter’s radiation to have the same size in the x and y direction) [8.22;26]. The fill
factor method is applied to the laser diodes with one row of emitters. Using a step mirror for the
NECSEL laser will require a complicated optical design and will not be tried in this project.
Therefore, the second method to increase the beam quality factor of the NECSEL lasers is to
reduce the divergence of the beam and increase the filling factor of the emitters at the same time.
The BPP of the NECSEL beam and an optical fibre with 100 µm core diameter and NA = 0.22 is
18.24 mm-mrad and 11 mm-mrad respectively. Consequently, the laser beam coupling will not
be efficient as the fibre will not be able to capture all of the distributed optical energy of the
laser. One way to solve this problem is to reduce the divergence of the laser and increase the
filling factor, which is the ratio of the emitter size in near field to the distance between the
emitters, at the same time (Figure 8.9). If we reduce the divergence to 4 mrad, the BPP of the
laser is reduced to 8 mm-mrad which increases the coupling efficiency.
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Figure 8.9: Calculation of the micro-lens for collimating the laser
Micro-lenses are to be used to increase the filling factor and reduce the divergence. For the
NECSEL laser the filling factor is 24.3% (80 µm /328 µm). As shown in Figure 8.9, the effective
focal length of the micro-lens should be 33.5 mm and the pitch between the lenslets must be 328
µm. The beam waist of each emitter is placed at the location of the focal point to achieve an
effective collimation.
8.3.2.3 Fibre Bundle:
A fibre bundle is made of a large number of fibres (thousands of fibres, dependent on the
application) which are placed together in a bundle and are used for various applications and can
provide an easy way to bring the light from an inaccessible position. They are in two types of
coherent and incoherent bundle. In the coherent fibre bundle, fibres are arranged in the same way
at both ends.
In fibre bundle coupling, the laser light is coupled into a bundle of the fibres and guided to the
location required. One advantage of the fibre bundle is that the fibres can be rearranged to be
appropriate for the waveguide coupling. Another advantage is that the light can be carried out
into an accessible position outside the NECSEL housing to which there is no access.
Additionally, with a fibre bundle there is no need to use any micro-lens or any other optical
elements to couple the laser light into the fibres which reduces the challenge of the alignment of
the microlens and also cut the cost of the microlens fabrication (which is about 10000 $). The
bundle is attached into the output cap of the laser without requiring any adjustment or
complicated aligning and the output power of the laser is shared between the fibres and guided to
the other end of the fibre. In other words, the fibre bundle samples the optical output and delivers
it at the other end of the bundle.
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The input of the fibre bundle can be attached to the NECSEL with the output rearranged into a
line and attached into the waveguide; in this way the colours are mixed and the required column
is formed.
When the fibres in the bundle are single mode with a diameter of 9 µm, for each emitter we will
have:
ܰݑ݉ ܾ݁ ݎ݋݂ ݐℎ ݂݁ ܾ݅ ݁ݎ ݏ= ܣ݁ݎ ܽ݋݂ ݐℎ ݁݁݉ ݅ݐ݁ݐ ݎ
ܣ݁ݎ ܽ݋݂ ݐℎ ݂݁ ܾ݅ ݁ݎ
= ߨ× (0.04)ଶ
ߨ× (0.0045)ଶ = 79
So for each emitter we will have 79 fibres and for all the emitters in a row:
ܶ݋ܽݐ ݈݊ݑ݉ ܾ݁ ݎ݋݂ ݐℎ ݂݁ ܾ݅ ݁ݎ ݏ= 24 × 79 = 1896
The challenge in this case is to separate the 1896 fibres and rearrange them in order to couple the
light into the waveguide. It is not practical to arrange them side by side as the length of the line
would be large (1896 × 9 (diameter of each fibre) = 17064 µm = 17.064 mm for each row).
The fibres could be arranged in a different configuration to fill all the area of the waveguide core
but a large amount of work is required which increases the cost of the system. Another point to
mention is that the above calculation is valid if the fibre bundle is placed at the position of the
beam waist as we have considered the beam diameter to be 80 µm, however the beam waist is
inside the laser housing and cannot be accessed. To apply this method the beam waist must be
imaged somewhere outside the housing using a lens with a bundle placed in the position of the
image. The bundle can be attached to the laser cap without any lens or imaging section but the
size of the beam at the laser housing output was measured to be at least 140 µm (chapter 6). This
beam diameter increases the number of the illuminated fibres by 4 times.
Therefore, the use of a fibre bundle is not practical compared to the fibre ribbon and the multi-
mode fibre but it can be used to bring the beam further away from the laser and then other
methods applied. In this case, access to the beam will be easier but the divergence of the beam is
larger as the NA of the fibres is larger than the laser divergence (for a fibre with NA=0.22 the
half angle divergence is 12.7º and the half angle divergence of the laser beam is 0.137º).
Fibre bundles have the problem of low efficiency due to the dead space between the fibres. Any
optical power landing on the dead space is lost as it is not captured by any of the fibres. Fibre
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bundles will, therefore, not be considered as a solution due to their low efficiency and the
complexity that they add to the system which makes them impractical.
8.3.2.4 Multiple Fibres
Another option to consider for using optical fibres to couple the laser light into the waveguide is
to focus the beam into several fibres and then connect them to the waveguide individually. In this
method, the fibres at the waveguide will act as a fibre ribbon and they are placed next to each
other side by side) but on the laser side, fibres are joined together in a circular or elliptical shape.
Figure 8.10: Fibre beam combiner made by EOC Company. The fibres are stripped and put
together at the input. At one end the fibres are close together and the other they are totally
separated [8.27].
Figure 8.10 shows a picture from one of the available fibre beam combiner. The laser beam from
each laser is focused into a spot where the joined fibres are placed. Focusing the laser beam in
this case does not require any special lens to increase the cost of the system.
Figure 8.11: Schematic diagram for using several multimode fibres to couple the laser light into
the waveguide.
The fibres which contain the red, green and blue laser beam can be merged (arranged) into each
other to have a sequence of RGB colours to increases the colour homogenization at the end of
the slab waveguides as the colours are mixed while the laser beams are propagating inside the
waveguide (This method will be tried in chapter 10).
Chapter 8: Waveguides for Laser Beam Combining, Homogenisation, and Beam shaping for
Display Backlighting
175
8.3.3 Coupling Laser Beams into the Waveguide using Flexible Waveguide
A flexible waveguide is another option as it enables us to bring the optical power of the three
lasers together and combine them to achieve the required output for the light engine. This
method is similar to the fibre ribbon but here we use a slab waveguide instead of using many
fibres. There are two ways of using flexible waveguides. In the first method, one flexible
waveguide can be used to couple each row of the emitters into a slab waveguide whose other end
is connected to the waveguide combiner. Therefore, for each NECSEL two slab waveguides are
used and in total there are 5 slab waveguides) which must be connected to the waveguide
combiner (4 waveguides for the NECSEL lasers as each NECSEL has two rows of emitters and
one waveguide needs to be dedicated to each row. Only one waveguide is necessary for the red
laser. The width of each waveguide used for the NECSELs is 8 mm and for the red laser is 4 mm
which makes 36 mm in total).
Figure 8.12: Flexible waveguide made by Optical InterLinks (With permission from L. Booth).
Waveguides with 36 mm wide input create a problem as the waveguide combiner must be
tapered to achieve the 10 mm output line. An alternative solution is to use a flexible waveguide
which is thinner, for example they can be 50 µm thick. In this case, the total waveguide width
will be 36 mm but this can be rearranged as two waveguides placed on top of each other (2
waveguides each having a thickness of 50 µm) at the location of the waveguide combiner. This
arrangement reduces the width of the waveguide combiner to 20 mm which is still twice the
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required output width. Thinner flexible waveguides can also be used to reduce the size of the
beams at the location of the waveguide combiner, but reducing the thickness decreases the
misalignment tolerance at the laser end.
In the second method one flexible waveguide is designed to gather the light from the lasers and
then combine them together (Figure 8.13).
Figure 8.13: Alternative design for the waveguide combiner. Some calculation is required to find
the optimum length for each section. The waveguide is flexible and can be bent or twisted if
required.
In this design just one of the rows of the emitter is used and 50% of laser power is wasted which
reduces the efficiency of the system. This loss of power can be tolerated provided the efficiency
of the other parts of the system is high but it is risky as the waveguide absorbs light, particularly
in the blue (for example Optical interlinks quoted the material absorption of their flexible
waveguide to be 2-3 dB/cm at the time this research was performed in 2009). As shown in
Figure 8.13, each laser beam will be coupled into a waveguide and they will be combined
together by propagating inside the waveguides. However, the waveguide must be designed
carefully for optimising the crossing and the taper angles. The use of the flexible slab waveguide
requires one with low loss as the width and length of the waveguide must be large enough to
couple three lasers. The idea of using a one-piece waveguide (as shown in Figure 8.13) to collect
the laser beam from the NECSEL and red lasers and combine them together will not be
particularly practical due to high light loss, manufacturing difficulties and more importantly, the
design being very sensitive to misalignment at both the laser-flexible waveguide and flexible
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waveguide-waveguide combiner. As they are one-piece, any dislocation, rotation or
misalignment in one of the lasers will also affect coupling of the other lasers and the waveguide
combiner. Moreover, just one row of the emitters of the NECSEL lasers can be used which loses
half of the power for the green and the blue colours.
8.4 Summary of Methods
Several relevant methods that can be used for combining the laser beams chosen for the 3D auto
stereoscopic system into the waveguide combiner were explained in section 8.3. In this section,
the methods are summarised and compared with each other to find the best method to be used in
the system.
Three approaches of free space, fibre combining, and waveguide combining were compared in
section 8.2. Based on the explanation provided in this section and also the experiment results
achieved by Koҫ University on using free space and microlens array for homogenizing, the fibre 
combining and waveguide combining method were chosen and will be designed and
implemented in the system, which are explained in chapter 9.
One of the considerations connected with waveguide combiner application is the efficiency of
fibre/waveguide coupling which fundamentally is related to the beam quality in terms of the
beam quality factor M2. In the table below, the requirements of beam quality for efficient
coupling based on the laser beam parameter product (BPP) are listed. The BPP is defined for a
fibre or waveguide as the product of the waveguide/fibre radius (which is half of the core
diameter in millimetres) and the NA of the waveguide/fibre in milli-radians. The beam quality
factor for the laser beam and fibre/waveguide are calculated using the equations below:
݀2 .ܰܣ = ܯ ଶߣߨ݂ܾ݅ ݁ݎ
ݓ .ߠ = ܯ ଶߣ
ߨ
݁݉ ݅ݐ݁ݐ ݎ
Where d is the diameter of the fibre/waveguide, NA is the numerical aperture of the
fibre/waveguide, w is the beam radius of the laser and θ is the half angle divergence of the laser
beam in mrad. In Table 8.3 the BPPs for the laser beams and individual emitters for each laser
employed in the auto stereoscopic laser illuminated display (HELIUM3D) are listed.
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Table 8.3: Beam propagat ion product of the emitters and lasers used in auto stereoscopic laser
illuminated display project.
Optical
Component
Laser Half Angle Divergence
(mrad)
Beam Diameter
(mm)
BPP of the beam
(mm-mrad)
NECSEL 4.8 8 (row) 18.24
One emitter 4.8 0.080 0.192
Red laser
78.5 (Slow axis ) 4 157
9 (fast axis) 0.002 0.009
Emitter of the
red laser
78.5 (Slow axis ) 0.200 7.85
9 (fast axis) 0.002 0.009
.
Based on the discussions of the different methods for coupling the laser beam into the waveguide
combiner in this chapter, a summary of the advantages and disadvantages of each method is
listed in Table 8.4.
The free space method is not applicable due to the increase of the cost, size and the complexity
of the system. The fibre bundle method has not been tried due to the cost of the bundle and the
amount of work required for the bundle-waveguide coupling which makes the method unsuitable
for mass production (an off the shelf fibre bundle cost a few thousands pounds sterling). In
addition, any misalignment and movement between the fibre bundle and the waveguide will
cause coupling loss as the light will be coupled into the adjacent fibres which are not connected
into the waveguide combiner.
There are various difficulties associated with the use of flexible slab waveguides. The thickness
of the flexible waveguide should be considered. 5 slab waveguides are required (2 slab
waveguides for green, 2 for blue, 1 for red laser) with a 20 µm thick flexible waveguide that
gives a total thickness of 100 µm which is the same as the thickness of the waveguide combiner.
However, it should be considered that coupling the emitter’s output into a 20 µm thick
waveguide requires an extra microlens array for focusing the emitter’s output. If the thickness is
larger than 20 µm, then the flexible waveguide cannot be coupled into the waveguide combiner
as the thickness of the waveguides is larger than the thickness of the waveguide combiner.
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The next methods for coupling the laser beam into the waveguide combiner are to use optical
fibres. Fibres are flexible and the cost will be less than all other methods due to the low cost of
the optical fibres.
For these reasons we investigated the use of fibre bundles and multi-mode fibres for laser beam-
waveguide coupling.
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Table 8.4: Comparison of various methods of laser beam coupling into the waveguide.
Method
Free space with
using optical
lens
Advantages The loss is less than the waveguide methods as we do not use any waveguide or fibre.
Disadvantages
– Optical system for focusing the laser beam.
– Optical elements (mirrors or prism to bring the focused laser beam close together).
– Very sensitive to misalignment.
– The cost of the system is high due to the required specific optical elements to be custom
made.
Comment
This method is not practical due to the difficulty of bringing three laser beams close together. In
fact, using free space for combining and homogenizing will cost less and will be easier to align
compared to using a waveguide for homogenisation. The light will be coupled in a 100 µm thick
waveguide so it is not reliable as any shaking or shock can decouple the lasers.
Fibre ribbon
Advantages
– Laser can be separated from the rest of the system.
– Just one micro-lens array is required for the coupling.
– It is very rigid and so is a reliable system.
– Easy to couple into the waveguide using a standard MT connector.
– Low loss due to using standard fibres in the ribbon.
Disadvantages
– Fibre ribbon requires a specific pitch which increases the cost of the system. A ribbon with 328
µm pitch costs 8000 dollar.
– The cost of the system due to the custom designed micro-lens array and fibre ribbon. A custom
made microlens array cost 10000 dollar.
Comment The main problem with this method is the suitable fibre ribbon and the micro-lens alignment for
coupling the laser into the ribbon. It is an efficient and safe method.
Multi-mode
fibre
Advantages
– Laser can be separated from the rest of the system.
– It is a rigid and hence a reliable system.
– Easy to couple into the waveguide using a standard MT connector.
Disadvantages
– Optical elements required to couple the laser into a multi-mode fibre.
– Sensitive to misalignment at the laser coupling into the fibre.
Loss will occur in the fibre coupling process.
Comment The fibre coupling and its efficiency are the main concerns.
Fibre bundle
Advantages – Light can be carried away from the laser housing with the shape/position of the emitters retained.
Disadvantages – Fibre bundle are very expensive (8000 dollar for a conventional bundle).
– Very many fibres to be aligned, arranged, and be coupled into the waveguide.
Comment A large number of the fibres (1896 fibres) must be aligned and attached into the waveguide. The
system will be fragile as any change in the bundle position or any misalignment will cause loss.
flexible
waveguide
Advantages – The system will have all the advantages of the fibre ribbon.
Disadvantages
– The system will be lossy due to the bend and material absorption (3 dB/cm in blue). Also a
tapering must be applied which increase the optical loss.
– The cost of the system is high due to the cost of the material and manufacturing.
Comment Coupling the laser light into the flexible waveguides and the reliability of the system is much less
comparing to the other waveguide methods such as using multimode fibres.
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8.5 Options for the Waveguide Combiner
After coupling the three laser beams into the waveguide, their outputs must be combined and
homogenised to achieve a uniform white column of light. The waveguide combiner has to mix
the three wavelengths (colours) together to achieve a uniform output. There are different options
to be considered that are explained below:
8.5.1 Slab Waveguide:
The first option is a slab waveguide with an output of 10 mm (it can be varied dependent on the
dimensions of the LCoS modulation device). The thickness of the waveguide determines the
width of the output line, which is equal or less than 100 µm.
Figure 8.14: A schematic diagram from a slab waveguide without diffraction sites in which three lasers are
combined by propagating inside the waveguide.
The thickness depends on the material and the waveguide fabrication method. If we use polymer
the maximum possible thickness is 70 µm due to manufacturing problems (multilayer
waveguides can reach a suitable thickness but there is a concern about the adhesion of the
different layers). Off-the-shelf 100 µm thickness glass sheets are available [8.28]. In the simple
design shown in Figure 8.14, each laser beam propagates inside the waveguide and is mixed with
other lasers to provide a uniform line at the output. It is a simple design to manufacture but the
length of the waveguide needs to be calculated carefully to ensure that the lasers are mixed and
their outputs homogenised. It might be necessary to allow the beam to propagate and reflect side
to side several times by increasing the length of the waveguide. The disadvantage of this is that
increasing the length of the waveguide is not desirable due to the absorption loss of the
10 mm
=<100 µm
In
pu
t
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waveguide material. Any scattering will cause more colour mixing (and exciting more modes)
but will increase the loss (due to the material absorption as the beam propagates more inside the
waveguide and also some of the beam can miss the total internal reflection condition and escape
from the waveguide.
Figure 8.15: Experimental configuration to determine the performance of the glass slab
waveguide. The 3 W green laser was focused on the waveguide facet using a microscope objective
lens. The waveguide is 300 µm thick and 10 mm wide.
To increase the scattering, the sidewalls can be made to have rough surfaces. In this case, the
light will scatter in a Lambertian profile and the mixing will be more effective. However, there is
also the problem of scattering out of the waveguide resulting in loss.
8.5.2 Channel Waveguides
Another design considered was to guide the laser beams onto an array of waveguides and to mix
them together at the end of the waveguide assembly (Figure 8.16). The advantage of this method
is that we have more control of the power of the laser inside the waveguide as we guide the light
everywhere required inside the waveguide; however, we need to consider that the light is
travelling a longer distance which raises absorption loss issues (about 2-3 dB/cm). Figure 8.16
shows two schematic designs which are different at the input of the waveguide. In both designs
the optical power from the lasers is coupled into the waveguides and the waveguides mix the
colours by crossing each other and deliver the laser beam at the end.
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Figure 8.16: Schematic design of the waveguide combiner. Each emitter is coupled into one
waveguide and the waveguides rearrange to provide a mixed output.
Designing, manufacturing, laser coupling, and the efficiency of a combiner such as Figure 8.16,
is considerably more difficult than a slab waveguide while there is no significant advantage. Any
bend or cross section causes optical loss in the waveguide. The manufacturing will limit the
length and the thickness of the waveguide. There would be a problem of multi-spot formation at
the waveguide output if another slab shaped part or diffuser is not designed at the end section of
the waveguide combiner (white part in Figure 8.16). It should be noted that the end of the
waveguide is to be imaged onto the LCoS device. In Figure 8.16 part A, the input can be single
fibre or fibre ribbon and in part B the input is from fibre ribbons where each emitter is coupled
into one waveguide. In both A and B only 4 waveguides are shown for each colour for the
purposes of clarity but in practice there will be 24 or 48 waveguides.
8.6 Summary and Conclusion of the Options for Laser–Waveguide
Coupling and Waveguide Combiner:
Based on the explanation of the different methods and approaches in section 8.4, using a
multimode optical fibre for each laser (section8.3.2.2) and using several multimode fibres
together for each laser (section 8.3.2.4) appears to be the most suitable method for the laser-
waveguide coupling. Fibre optics can be used in the form of; a fibre ribbon, a multi-mode fibre
for each colour or one multi-mode input to several other multimode fibre outputs. For
waveguides, the slab waveguide with scattering surfaces is the most relevant, efficient and cost-
effective method. In Chapter 9, the design and the results of the experiments for each method is
explained.
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8.7 Polymer Micro-lens Array Material Aging Characteristics
8.7.1 Introduction
One of the most important concerns in this system is the stability and thermal tolerance of the
materials which are exposed to high-power lasers. The transparency of the material from which
the components are made might become degraded and the coatings and attaching materials such
as polymer glue can be damaged. In some cases, impurities or any dust can absorb extra power
and cause local damage to the surface. The power of each laser in the HELIUM3D system is 3
W and this power is focused down to a linewidth of one hundred microns and the combined
focused beam from the red, green and blue lasers can attain the optical power density of 9 × 106
W/m2 ( ଽௐ
ଵ଴଴×ଵ଴షల×ଵ଴×ଵ଴షయ௠ మ). High laser power densities are not just used in the HELIUM3D
system but also occur in other laser projection display systems. The materials used must be
stable with this optical power density with no expansion or degradation taking place. The
materials should be tested for the short-term and long-term effects.
Polymer and glass materials will be used for microlens arrays and waveguides and both must be
tested before being used to manufacture components. Unfortunately, most of the companies for
example Optical Interlinks, Microsharp, Exxelis and Dow Corning, who make waveguides from
polymer do not have data sheets or experimental results for absorption of their material in the
visible range of the spectrum; this is particularly important for blue wavelengths. This is
understandable as this is a new area of development, however, this information is necessary and
cannot be ignored as it is crucial in high power intensity environments. Some transmission
stability and surface scattering experiments were carried out at UCL on PMMA (Poly methyl
methacrylate) polymer material supplied from Microsharp that is suitable for micro-lens and
superlens screen applications. Waveguides might also be made out of this material. The
experiments described in this section clarify the effect of a photo-thermal mechanism due to
vibration and rotational excitation of chromophores inside the polymer that affects the
transmittance of the material and are based on the change of the surface profile and transmission
coefficient of the material due to the exposure of high power density laser beam. Scanning by
atomic force microscopy (AFM) to find the surface profile of the polymer and transmission
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coefficient measurement using a spectrum analyser were used to test the material and the results
are presented and discussed below.
The sample is made of three layers as shown in Figure 8.17. Microlens arrays were made the
same as Figure 8.17 and the same PMMA material is used for the waveguide. A layer of PMMA
material with a special formula confidential to Microsharp Company is glued to a Plexiglas®
layer (which is PMMA with a different formula to Layer 1). Plexiglas® is an extruded PMMA
product that has been developed for applications with the highest demands on optical and surface
quality. In general, PMMA and Plexiglass are well known materials [8.29] and their transmission
spectra, heat properties, and other physical and chemical properties have been investigated
before[8.22;30]. However, the microlens fabricated by these materials contains a layer of
adhesive. The three layers are explained in Figure 8.17 and we try to find if this assembly
degraded due to the high intensity laser illumination.
Figure 8.17: Schematic diagram of the sample made for the experiments.
The sample used for the test was made by Microsharp and was in three layers. Table 8.5 shows
the materials used for the sample. The materials are exactly the same as the microlens material
but in a plane cube shape. In this section, we refer to Plexiglas® as the substrate.
Table 8.5: The properties of the material used in the sample made by Microsharp
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Before exposure to the laser, the sample was scanned by AFM (Atomic Force Microscopy) to
measure the surface for roughness and measured using a monochromator to find the optical
transmission. The sample then was exposed for 25 minutes to a 532 nm 3.5 W NECSEL laser
beam directly on to the polymer side; this gave a power density of 0.7× 107 W/m2 at the polymer
surface. There was no heat sink or fan around the sample and it was in free air having a
temperature of 23.7°C and humidity of 48%. The sample was scanned by AFM before and after
exposure with the laser to investigate any changes to the surface.
Figure 8.18: Surface profile of the substrate under the AFM (A) before exposure and (B) after
exposure to the laser.
Figure 8.18 and Figure 8.20 show the roughness profile of the substrate and the polymer side
respectively provided by AFM. No change was detected by AFM or optical microscopy on the
substrate or polymer side after exposing the sample. Figure 8.19 shows a typical roughness
profile of the substrate.
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Figure 8.19: The 3D profile from the surface roughness of the substrate after exposure to the laser. The roughness
value is the height of the surface roughness.
Figure 8.20: The roughness profile of the polymer under AFM (A) before and (B) after (B) exposure to the laser
Figure 8.21 is an AFM roughness measurement of the polymer side.
Figure 8.21: 3D profile sample of the polymer surface after exposure to the laser. The roughness
value is the height of the surface roughness
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The surface observed under an optical microscope shows no significant change in the surface
colour or roughness. There was also no sign of cracking, burnt spots or melted points. Figure
8.22 and Figure 8.23 compare the statistical parameters of the surface roughness before and after
exposure to the laser beam in order to show any differences in the parameters before and after
the exposure.
Figure 8.22: Comparison of the roughness for the polymer side before and after exposure to the
laser.
As indicated in Figure 8.22 and Figure 8.23, the roughness components of standard deviation,
RMS, maximum and peak-to-valley are substantially the same before and after exposure to the
laser.
On the polymer side of the sample there was no obvious change and the roughness data Figure
8.23, indicates that the surface properties of the sample have not been affected by the laser.
8.115 8.115
31.845
94.445
8.53 8.53
32
100
0
20
40
60
80
100
120
140
standard deviation RMS maximum peak to valley
R
ou
gh
ne
ss
(n
m
)
Before exposing with laser
After exposing with laser
Chapter 8: Waveguides for Laser Beam Combining, Homogenisation, and Beam shaping for
Display Backlighting
189
Figure 8.23: Comparison of the roughness for the substrate side before and after exposure to the
laser.
8.7.2 Spectroscopy:
In addition to the surface roughness, the effect of exposure to high-power laser illumination on
the spectral characteristics of the light absorption of the material used for the micro-lens was also
measured in the experiment described below. As shown in Figure 8.24 a white light source
illuminates the sample and the spectrum is analysed with a monochromator after passing the light
through the sample and an iris is used to ensure that only light passing through the sample area is
measured. The monochromator functions by rotating a grating to scan the spectrum and detect
the power at each wavelength. A slit with diameter of 1 mm was used in the monochromator
which gives us 1 nm resolution.
Firstly, the spectrum was analysed to find the power at each wavelength without any sample in
the way. The sample was placed into the experimental configuration and its spectrum scanned.
The sample was then removed and exposed to the laser. It was scanned again by the mono-
chromator in order to determine the new transmission spectrum. At each particular wavelength,
the power with the sample was divided by the power without the sample in order to determine
the absorption.
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Figure 8.24: Schematic diagram of the experiment using the monochromator to measure the
absorption of the material at different wavelengths.
All the measurements were applied to the raw sample, which is the sample before exposure, and
the exposed sample which is the sample after the exposure. The region between 380 and 700
nanometres was covered and the results are shown in Figure 8.25 and Figure 8.26
Figure 8.25: Transmission of the sample at different wavelengths before exposure to the laser.
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Figure 8.26: Transmission of the sample at the different wavelengths after exposure to the laser
As shown in Figure 8.25 and Figure 8.26, the transmittance has been degraded after the
exposure. The difference on the transmittance is shown in Figure 8.27.
Figure 8.27: Difference in transmittance before and after the sample was exposed to the 3 W laser.
The experiments show that there is degradation due to the exposure. This degradation could be
due to one layer or to all of them and it could be a one-off effect where the material had reached
a stable condition or it could be part of an on going process. The other material to be considered
for the waveguide and microlens array is glass which is available in various thicknesses and with
different properties and has been used for a long time.
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8.8 Conclusions:
In this chapter, a new means of laser beam combining, beam homogenizing and beam shaping in
display application was introduced. Our idea was to design a system to use multimode
waveguides to combine, homogenise and shape the output of three red, green, and blue lasers for
a 3D autostereoscopic display system, called HELIUM3D, and at the same time reduce the
speckle contrast, which is a major problem in laser illuminated displays. A newly developed
multi-emitter laser, called NECSEL, was chosen as the light source.
Several different designs for using optical waveguides in the light engine of the HELIUM3D
system were considered for the first time and compared based on cost, safety, optical loss and
efficiency.
The comparison was carried out on two sections 1: To couple the laser light from the NECSEL
into a 100 µm thick waveguide that acts as the colour combiner and colour homogeniser 2: The
design of the waveguide combiner.
For section 1, two methods of using multimode optical fibre for each laser and using a bundle of
fibres which are glued in one end were chosen to couple the laser light into the waveguide
combiner. For section 2, a slab waveguide was chosen to be the best option for the waveguide
combiner.
An investigation of the stability and aging properties of a newly developed polymer (by Micro
Sharp) was carried out. The material was to be used for micro lens manufacturing and waveguide
combiners. The effect of a 3 W laser on the material was measured by measuring the change in
the surface profile and transmission properties of the material before and after exposure. The
results showed no change in the surface profile after exposing the sample for two and half hours.
However, in the transmission graph there was a shift in the transmission spectrum. We detected a
difference of 0.18 dB at 640 nm, 0.22 dB at 532 nm and 0.34 dB at 465 nm, which means there
has been a degradation of the transmission in the material.
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Chapter 9: Design, Simulation, and Experimental
Results for a Laser Beam Combining, homogenising
and Shaping Waveguide
9.1 Introduction
In this chapter, the design of a light engine using optical waveguides for a High Efficiency
Laser-Based Multi-user Multi-modal 3D Display (HELIUM3D) system is described, simulated,
constructed and tested experimentally. Two designs using either optical fibre or a slab waveguide
for colour combining and homogenisation are also presented.
In chapter 8, several designs for light engines using optical waveguides for a 3D
autostereoscopic display system were considered and compared. Two methods, namely using a
multimode optical fibre for each colour of red, green, and blue, and using several multimode
fibres attached together at one end in a circular shape, were chosen to be incorporated into the
High Efficiency Laser-Based Multi-user Multi-modal 3D Display (HELIUM3D) system. These
two methods were chosen to couple the light from lasers into the waveguide combiner. A slab
waveguide was chosen as the best option for laser beam combining and power homogenisation.
The optical design description is presented in two parts. In the first part, the components required
to couple the lasers into a fibre or fibre ribbon are described. In the second part the design of a
waveguide combiner is described. This chapter starts with the design of a focusing lens system to
couple NECSEL multiemitter laser beams into an optical fibre. The results of the simulation and
experiment are explained and then the fibre is implemented in the HELIUM3D system. Then, a
simulation of the waveguide combiner and the experimental results of using a slab waveguide are
presented.
9.1.1 Design of a lens system to couple the beams from NECSEL multiemitter
lasers into an Optical Multimode Fibre
Two of the options for colour combining and homogenising are to use a fibre combiner or to use
a waveguide. In both methods, the laser light needs to be coupled into a single multimode optical
fibre. The size of the output beam from each NECSEL laser is about 3 mm × 8 mm and the
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multimode fibre has a diameter of 100 µm and an NA = 0.22. Therefore, the aim of the designs
in this section, is to focus each laser beam to a spot with a maximum width of 100 µm, while
ensuring that the divergence is less than the light acceptance cone of the fibre.
Commercially available Zemax software is used for either sequential or non-sequential ray
tracing simulation. In sequential ray tracing, light travels from one surface to another in a pre-
defined order with the surfaces being numbered sequentially. All of the surfaces are located
between the object (which is the source) and the image (which is the final result). In sequential
ray tracing the rays start from the surface 0 (object), and are then traced to surface 1, then surface
2 and so on; no ray is traced from surface 3 to surface 2. Therefore, the rays do not reflect back
and each ray strikes a surface just once. The sequential method simplifies ray tracing but it is not
applicable to every optical design, especially when there is a waveguide in the design as the rays
might impinge on a surface several times. In non-sequential ray tracing there is no predefined
path for any ray and rays are traced only along a physically realisable path until they intercept an
object. A ray is traced and strikes any object in its path. The ray may reflect, refract, scatter or
split after striking an object depending upon its structure. Non-sequential is more general than
sequential ray tracing. Rays in this method may strike a group of objects in any order or may
strike the same object repeatedly.
9.1.1.1 Sequential Ray Tracing for Designing a Focusing Lens System
For the first design, we used sequential ray tracing with a source comprising 12 point sources
each having a half angle divergence of 4.8 mrad. Sequential ray tracing in Zemax can simulate a
maximum of 12 sources. These sources simulate the NECSEL emitters. The wavelength of the
beam was 532 nm (green NECSEL) and the positions of the emitters are shown in Figure 9.1. As
discussed in Chapter 8, the beam quality of the laser must be improved in order to couple the
laser beam into the fibre with 100 µm core and NA = 0.22. To achieve a laser beam with a better
beam quality a microlens array is used to decrease the divergence of the laser and increase the
filling factor.
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Figure 9.1: Position of the 12 sources for the sequential mode ray tracing simulation. 6 emitters
from the centre of one of the rows and 6 emitters from the end of the other row were chosen.
Table 9.1 and Figure 9.2 show the design and the lens parameters which were used in the lens
system simulation.
Table 9.1: System designed to focus the NECSEL beam into a small spot size. The spot radius is 5
microns. There is just one set of micro-lenses in this design and just one of the surfaces is
aspherical.
Object type Radius
(mm)
Thickness
(mm)
Semi-Diameter
(mm)
Glass
Standard Infinity 25.24 4.92 -
Lens let array -20.60 10 4.92 -
Standard lens 30 5 5 BK7
Standard lens -50 20 5 -
Standard lens 50 3 5 BK7
Standard lens 5.630 2 5 -
Standard lens 5 5 5 BK7
Standard lens -5 3.77 5 -
Image Infinity - 5.528E-003 BK7
Figure 9.2: Optical design for focusing the NECSEL beam into a multimode fibre
Figure 9.3 shows the spot diagram for the designed system. The spot diagram shows how the
optical power of the traced beams is distributed at the focusing point. In other words, it shows
Chapter 9: Design, Simulation, and Experimental Results for Laser Beam combining,
homogenising, and shaping Waveguide
199
the size of the focusing spot. The results show that by using a microlens array and reducing the
divergence angle we are able to reduce a spot size to 75 µm diameter. This is the size of the
beam determined from the Airy disk (the black circle on the diagram). The spot size cannot be
smaller than the size of the Airy disk which is the smallest point to which a laser beam can be
focused due to diffraction. About 84% of energy is confined in the Airy disk area and 91%
within the outside diameter of the first ring of the Airy function[9.1;2]. The Airy disk of a lens
system depends on the wavelength of the light, lens aperture and focal length. The focal lens of
the system is the distance from the image space to the output aperture when a parallel beam is
sent through the lens system.
Figure 9.3: Final spot diagram and the size of the Airy disk of the design whose parameters are
given in Table 9.1. The Airy disk radius is 35.04 µm. the blue part in the middle of the circle is
the focused NECSEL beam. The scale is in µm.
To calculate the fibre coupling efficiency with the microscope objective, ray tracing and beam
propagation method (BPM) were used. Zemax has a tool called physical optics propagation
(POP) which can be employed to find the amplitude and the phase of the wavefront at the end
surface by tracing beams along the optical system. This information can be imported into BPM
to calculate the efficiency of the coupling between the shaped beam and the waveguide. POP
works in a way that Zemax stores the complex amplitude of the electric field at each point in a
plane, while the beam propagates through the optical objects. The phase of these complex values
determines the phase of the wavefront relative to a reference surface and the amplitude of the
values can be used to determine the power of the beam. The fibre coupling efficiency was
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calculated first by Zemax and gave the results shown in Figure 9.4; this shows 73% coupling
efficiency for coupling into a 100 µm step index core multimode fibre with NA = 0.22.
Figure 9.4: Amplitude of one of the emitters after propagating and focusing by the lens system.
The calculated fibre coupling efficiency by ZEMAX is 73%.
The output of the ZEMAX simulation was also launched into a fibre and the coupling efficiency
calculated using BPM method.
Figure 9.5: Calculating the fibre coupling efficiency using Beam PROP. The core diameter of the
fibre is 100 µm with NA= 0.22
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Figure 9.5 shows the simulation result and layout of the fibre. The graph shows how the input
power is lost until it reaches a stable region and propagates through the fibre. The optical loss at
the beginning of the fibre is due to the radiation mode excitation at its input. As can be seen from
the blue plot, the efficiency is about 72 % which is in good agreement with the ZEMAX
simulation.
9.1.1.2 The use of Non Sequential Ray Tracing for Designing a Focusing Lens System
There are some limitations in using sequential ray tracing in ZEMAX; for example the number
of the sources (emitters) is limited to a maximum of 12. To obtain a more general and complete
design for the fibre coupling system, the non-sequential (NS) ray tracing was applied and several
designs were tested. There is no limit for emitter numbers in NS ray tracing. Figure 9.6 shows a
design using a cylindrical lens to reduce the size of the beam in the slow-axis direction in which
both NECSEL and red lasers have a wide beam. After the beam size is reduced to the size of the
fast-axis direction (which is about 4 mm), spherical lenses are used to focus the beam into a 100
µm diameter. A micro-lens array is used to collimate the laser beam.
Table 9.2:The properties of the lenses used in the design shown in Figure 9.6
Object type Position (mm) Front Radius
(mm)
Back Radius
(mm)
Thickness
(mm)
Material
Source diode 0
Rectangular volume 32 Infinity BK7 (n=1.52)
Lens let array 32 Infinity 40 BK7
Toroidal lens 40 20 -20 BK7
Toroidal lens 50 -12 12 BK7
Standard lens 53 8 -8 2 BK7
Standard lens 57 -5 5 1 BK7
Standard lens 60 5. -5 1 BK7
Standard lens 63 -2.50 2.5 1 BK7
Standard lens 66 2 -2 BK7
Figure 9.6: The design for focusing NECSEL laser beam into 100 microns diameter using
cylindrical lenses. The size of the laser beam is reduced in one dimension (in the direction of the
row in the NECSEL and in the slow axis direction for the red laser) using cylindrical lens and
spherical lenses are used at the second stage to focus the light in both fast and slow axis.
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Figure 9.7: Spot size of the NECSEL beam after passing through the design shown in Figure 9.6.
The beam is 8 mm × 3 mm at the input.
Figure 9.8: Size of the NECSEL beam at the detector (output) in the direction of the row of
emitters. The width of the laser beam is 240 µm where the power drops to 1/e 2 of the maximum
value.
(mm)
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Figure 9.9: The size of the NECSEL beam at the detector in the normal direction to the row of
emitters (fast axis). The width of the laser beam is 120 µm where the power drops to 1/e 2 of the
maximum value.
As shown in Figure 9.8 and Figure 9.9 the width of the laser has been reduced from 8 mm to 240
µm in the slow axis and from 2.2 mm to 120 µm in the fast axis. These results need to be
improved to decrease the spot size of the beam and improve the fibre coupling efficiency. The
maximum spot size must be 100 µm and the divergence angle from the focusing point should be
less than 25 degrees.
݂݅ ܾ݁ݎ ᇱݏ݊ݑ݉ ݁݅ݎ ܿܽ ݈ܽ ݌݁ ݎݐݑ݁ݎ = 0.22
ܰܣ = n × sin(ߠ) = 0.22
ߠ = ܣܿݎ ݅ݏ݊(0.22) = 12.7݀ ݁݃ ݁ݎ ݁ݏ
Where n is the refractive index of the air and θ is the half divergence angle. The point about this
approach is that the lenses are designed specifically for this application (NECSEL lasers) and
must be manufactured to order, which increases the cost of the system. Also, the lenses must be
maintained accurately in position and a casing and lens holder must be designed and
manufactured which adds to the cost of the system.
To avoid the cost of lens manufacturing, another idea of using off-the-shelf microscope objective
lenses was considered. In this case the object is to locate an objective lens that is suitable for
(mm)
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focusing the NECSEL and red lasers. The microscope objective requires collimated input beams
so micro-lenses must be used to reduce the divergence of the beams before feeding into it.
To pursue the microscope objective approach for focusing the beam, different designs of
microscope objective have been considered and simulated to achieve a small laser beam spot size
(maximum 100 µm). The design below produces a spot size of 90 µm.
Object type Position (mm) Front Radius
(mm)
Back Radius (mm) Thickness (mm) Material Refractive
index
Source diode 0
Rectangular volume 30 1 BK7 1.52
Lens let array 31 Infinity -40 1 BK7 1.52
Rectangular volume 30 1 BK7 1.52
Lens let array 31 Infinity -40 1 BK7 1.52
Standard lens 40 54.153 152.522 8.747 SK2 1.61
Standard lens 49 35.951 0.00 14.00 SH16 1.62
Standard lens 64 0.000 22.270 3.777 F5 1.60
Standard lens 89 -25.685 0.00 3.777 F5 1.60
Standard lens 92 0/ -36.980 10.834 SK16 1.62
Standard lens 104 196.417 -670 6.858 SK16 1.62
Standard lens 116 15/ -15 5.000 SK16 1.62
Figure 9.10: Microscope objective design used for focusing the laser beam into a small spot.
Figure 9.11: Side view (A) and top view (B) for the microscope objective design used for focusing
the NECSEL into 100 µm diameter.
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Figure 9.12: The spot size of the NECSEL beam after passing through the design shown in Figure
9.10. The beam is about 8 mm × 3 mm at the input.
Figure 9.13: The spot size of the NECSEL beam at the detector. The diameter of the laser beam is
90 µm where the power drops to 1/e2 of the maximum value.
Figure 9.13 shows the spot diameter of the beam has been reduced to 90 µm, which is less than
the diameter of the fibre.
(mm)
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Microscope objective lenses with larger magnification have a smaller Airy disc focus but a larger
NA; NA= n × sin(θ) where n is the refractive index of the medium and θ is the maximum angle
that rays can be angled away from the central ray to be captured by the lens system. The formula
for NA does not depend on the magnification; however, the focused point of the lens system is
closer to the output aperture of an objective lens with higher magnification. This fact increases
the acceptance angle of the light; this is the angle through which the light will diverge after the
focusing point and it is important that it is comparable to the NA of the fibre to achieve an
efficient coupling.
The design was shared with different microscope objective manufacturing companies to find the
best match for the system. A focusing objective designed to transmit the high power of 500
MW/cm2 for 532 nm wavelength was sourced from Thorlabs. The lens is designed to focus the
light into a diffraction-limited spot and the spectral transmission window of the objective extends
from 250 nm to 1.6 µm therefore making the objective suitable for visible wavelengths. Figure
9.14 shows the simulation of the fibre coupling using the lens design of the Thorlabs. They were
not permitted to provide the complete design of the objective and, hence, a black box was used
for the simulation. The parameters of this were as follows; working distance for the 20×
objective is 6 mm, EFL (effective focal length) = 10 mm, NA = 0.40 and EA (entrance aperture)
= 8 mm.
Figure 9.14: Simulation results for using the black box of the microscope objective from Thorlabs.
The unit for the 1000 dimension on the figure is µm.
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The root mean square (RMS) of the spot size radius in Figure 9.14 is 31.7 µm which is the
diameter of a circle containing approximately 68% of the energy. The experimental results of
using this microscope objective are explained in the next section.
9.2 Optical Fibre for Colour and Power Homogenisation
In this section, the experimental results for using a multimode optical fibre and waveguide for
laser-waveguide coupling, beam homogenising and beam shaping are explained. The
experiments are in three parts; laser - fibre coupling, using fibre in the HELIUM3D system for
power and colour homogenizing, and using the waveguide combiner.
To check the microscope objective, the experiment shown in Figure 9.15 and Figure 9.16 was
arranged. The high-power microscope objective (from Thorlabs ltd.) was used to focus the light
into an optical fibre. Due to financial constraints we did not manufacture the microlens arrays for
collimation (the cost of the microlens array was 10000 Euro and is made by Ingeneric Company
in Germany). Therefore, the laser-fibre coupling efficiency is reduced compared to simulation if
a fibre with 100 µm core diameter is used.
Two optical fibres with 100 µm core diameter (NA =0.22) and 200 µm core diameter (NA =
0.39) were tried and the coupling efficiency using a blue NECSEL was measured to be 55% ± 10
and 80% ± 5% for 100 µm and 200 µm respectively.
Figure 9.15: Schematic diagram for testing a microscope objective used for fibre coupling.
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Figure 9.16: Experiment configuration for testing the microscope objective used for fibre
coupling.
After designing the system and achieving a good fibre coupling efficiency in the experimental
test, the fibre was incorporated into the HELIUM3D display system (Figure 9.17). To
incorporate the optical fibre into the system shown in Figure 9.17, a step-index optical fibre with
200 µm core diameter and an NA = 0.39 was used for fibre coupling. The coupling efficiency
was measured to be 75% ± 5% (this experiment was carried out in Koҫ University in Turkey 
with different alignment equipment which is the source of the difference between this efficiency
and that mentioned before in this section). In Figure 9.17, the output of the fibre must be shaped
into a line to be scanned across the LCoS modulation device. A spherical lens (25 mm focal lens)
was used to collimate the output of the fibre and a cylindrical lens (100 mm focal length)
employed to shape the line. The output profile of the light coming out of the fibre is not top hat
and is close to a Gaussian profile [9.3]. To achieve more homogenisation across the light line,
two identical off-the-shelf microlens arrays were used to homogenize the intensity across the line
as first demonstrated by David R. Selviah in 1995 [9.4].
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Figure 9.17: Schematic diagram for the HELIUM3D system that incorporates the fibre used for
colour and power homogenization (this picture was drawn by Phil Surman from DMU University).
A ray tracing approach was used to simulate the beam shaping and beam homogenisation after
the optical fibre in Koҫ University by Kaan Aksit and was improved by the author.  Figure 9.18 
shows the ZEMAX simulation results and the different components used in the process are listed
in Table 9.3.
Table 9.3: Lens specification used for the beam shaping after optical fibre
Object type Position
(mm)
Front Radius
(mm)
Back Radius
(mm)
Thickness
(mm)
Material
Source fibre 0
Standard lens 5 0 -13.1 11.7 N-BK7
Standard lens 35 0 -25.8 5.3 N-BK7
Lenslet array 60 0 -0.5 2 PMMA
Lenslet array 65 0.5 0 2 PMMA
Toroidal lens 67 0 -51.7 5.2 N-BK7
Toroidal lens 177 51.7 0 5.2 N-BK7
Toroidal lens 187 0 -51.7 5.2 N-BK7
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Figure 9.18: Top and side view of the ZEMAX simulation for beam shaping after optical fibre.
Table 9.3 shows the lens specification used in the design.
Figure 9.18 shows the simulation and Figure 9.19 illustrates the experimental results for the light
engine to create the line at the LCoS device.
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Figure 9.19: Experimental results of the intensity profile of the light line after homogenizing and
shaping by using an optical fibre and 2 microlens arrays.
Figure 9.18 and Figure 9.19 show the uniformity of the illumination across the light line when
the fibre is used. As opposed to the free space method, there is no sign of stripes in the scanned
image or periodic fluctuation across the line (compare with Figure 9.32 part A). Figure 9.19
shows the results after generating the line at the LCoS modulation device. As indicated in the
graph, there is no sign of non-uniformity in the form of multi-spot intensity or periodic stripes as
in the free space approach. Although the line is not completely top hat shaped, the statistic
parameter (Figure 9.19) shows that the intensity fluctuation across the line is small. Figure 9.20
shows the scanned line on the LCoS modulator device. To take this picture the line was scanned
with a frequency of 60 Hz using a galvanometer scanner. The results show 85% uniformity
(minimum value of the digital signal after the camera divided by the maximum value) along the
laser line. The standard deviation of the intensity fluctuation is 5.4, mean value= 151, maximum
value =160, and minimum value =137[9.5].
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Figure 9.20: The shape of the beam A: at the LCoS and B: the scanned line on the LCoS.
9.3 Waveguide Combiner Simulation
Three lasers with different wavelengths must be combined after coupling the laser beams into the
waveguide combiner. In this section, we simulate the waveguide and investigate the output shape
and uniformity of the power intensity. In the waveguides investigated in this section, the
thickness of the core material is 100 µm and the width of the waveguide is 10 mm.
A slab waveguide consists of a core surrounded with a cladding material. The difference between
the refractive index of the core and the cladding material defines the NA of the waveguide and so
the divergence of the beam at its output.
ܰܣ ൌ ට ௖݊௢௥
ଶ െ ݊ ௖௟௔ௗ
ଶ
The waveguide can be considered to be without cladding (air as the cladding) and the resultant
NA will be larger which is beneficial for the fibre coupling (due to the larger light acceptance
angle of the waveguide). However, the combined light emerging from the waveguide will
diverge into a larger angle as well. The waveguides simulated in this section were slab
waveguides without any wall roughness or scattering sites inside the waveguide. The refractive
index of the material was 1.52 for λ = 546.1 nm. This number was chosen for two reasons: firstly
there is a company that can provide glass sheets with this refractive index, and secondly, it is
close (ncore= 1.556) to the refractive index of the polymer we used for waveguide manufacturing
(chapter 4, 6, and 7).
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9.3.1 Simulation of a Slab Waveguide with Three Fibre Inputs:
For the first simulation, the input is three fibres with NA = 0.22 and diameter of 100 µm. These
fibres are represented by the three colours as shown below.
Figure 9.21: Slab waveguide and one multi-mode fibre for each colour. The width of the
waveguide is 10 mm, the thickness is 100 µm. The length is calculated to provide uniform output
intensity.
In the design shown in Figure 9.21, the optical fibre core diameter is 100 µm to achieve a light
line with 100 µm. Figure 9.22 shows the output profile of the slab waveguide. One million rays
were used for ray tracing each colour in the simulation.
Figure 9.22: The output of the waveguide after combining the three lasers together. The line at the
top of the graph shows the actual colour after emerging from the waveguide at the output. The
length of the waveguide was calculated to be 75±5 mm to achieve this output.
The laser beams are combined as they propagate in the waveguide. The three colours have the
same power weight and the efficiency of this design was calculated to be 92%; this is calculated
by dividing the number of the rays that arrive at the detector, placed at the output of the
waveguide by the number of rays launched into the waveguide. The actual efficiency will be less
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than this as the material absorption and the loss due to the end facet roughness has not been taken
into account.
Figure 9.22 shows the output of the slab waveguide after the three colours have propagated
through it. The length of the waveguide is 75 mm and the uniformity for one colour is 60 %. The
uniformity is defined as the minimum value divided by the maximum value. Uniformity more
than 90% is aimed for in our simulation and experiments. What is shown in Figure 9.22 is the
overlapping of the three colours at the output. To find the optimum length of the waveguide to
achieve the required homogenization of more than 90%, several slab waveguides with different
length were simulated and the results are shown in Figure 9.23. These show that the length of the
slab waveguide needs to be larger than 210 mm to achieve a uniform output for the three colours.
In fact, after 210 mm, the irradiance is distributed uniformly across the waveguide.
Figure 9.23: Uniformity of the irradiance at the output of the slab waveguide for different
waveguide lengths.
Figure 9.24 shows the output of a waveguide with 210 mm length and Figure 9.25 shows the
linear best fit line with the residual compared to a linear fit line. The residual is the difference
between the actual result and the best fit straight line. The line was fitted to find the non-
uniformity by calculating the angle between the line and horizontal direction and also by
determining the residual. Higher uniformities correspond to smaller gradients of the fit line and
also smaller magnitudes for the residual.
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Figure 9.24: Output of the waveguide after combining the laser beams. The line at the top of the
graph shows the actual colour after emerging from the waveguide. The waveguide length is 210
mm. The colour rat io is R=1, G= 0.50, B= 0.54
Figure 9.24 shows a white colour achieved at the output of the waveguide. More investigation
into colour balancing is required to achieve a true white colour for 6500 K. However, in
experimental tests it must be borne in mind that the material absorption is larger at blue
wavelengths and this will affect the colour adjustment.
Figure 9.25: The output irradiance from the waveguide with a straight line fitted to the profile.
The residual diagram also indicates the difference between the output profile and the fitted line.
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Figure 9.25 shows the output and a linear line fitted to the graph. The gradient of the fitted line is
1.9 × 10-4 which gives a slope of 8 × 10-3 degrees to the line, which is negligible.
Table 9.4: Statistical parameters of output profile of the light emerging from the waveguide beam
combiner.
Gradient
(Degree)
Maximum
(W/m2)
Minimum
(W/m2)
Standard
deviation
(W/m2)
Average
(W/m2)
uniformity
0.008 300 294 2.75 295.3 97%
In Table 9.4 the statistical parameters of the output profile of the 210 mm slab waveguide is
listed. The output of the waveguide is 97% uniform. The standard deviation of the output profile
is 2.74 W/m2. The low value of the standard deviation indicated here shows a good degree of
uniformity of the line.
9.3.2 Simulation of the use of a Fibre Ribbon for Laser-Waveguide Coupling:
The second option for the NECSEL beam-waveguide coupling is to use fibre ribbon. The fibre
ribbon is connected to the waveguide with four ribbons each with 24 fibres connected to each
row of the blue and green NECSELs and one ribbon with 20 fibres is connected to the red laser
array. This gives a total of 5 ribbons delivering the laser beams; 2 ribbons for blue, 2 ribbons for
green and one ribbon for red. The ribbons can be attached in an optimum configuration to
achieve the best colour balance and combination.
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Figure 9.26: Fibre ribbon attached into the waveguide. The fibres in the ribbons can be arranged
in different ways. A: fibres are arranged to have a sequential of red, green, and blue mixed with
each other. B: fibres for each colour are placed next to each other.
Figure 9.26 shows two different arrangements for coupling the fibre ribbons into the waveguide.
The fibres of the ribbons in option A, are arranged to have a sequence of red, blue and green
colour so the fibres with different colours are mixed at the input and in option B, the ribbons for
each colour are beside one another at the entrance to the waveguide.
Below the result of the simulation in arrangement A is explained. The waveguide is 100 µm
thick and 10 mm wide. The inputs are multimode fibres with 100 µm core diameter and NA=
0.22.
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Figure 9.27: The output of the waveguide after combining the lasers together using fibre ribbon
for laser coupling (situation A in Figure 9.26). The line at the top of the graph shows the true
colour after emerging from the waveguide.
Figure 9.27 shows the output profile and a true colour graph for the output of the waveguide with
the input being several fibre ribbons. The fibres are aligned next to each other as it is shown in
Figure 9.26 part B. The length of the waveguide was reduced to 150 mm and a uniformity of
92% was achieved. Therefore redistributing the power across the input can help to reduce the
length of the waveguide. The input ratio of the red, green, and blue colours is 1:1:1 and the
colour at the output of the waveguide is more towards the red which can be improved by
changing the input weight of the colours. In the experiment, the colour is adjusted by balancing
the output of the lasers.
9.4 Colour Balancing and Homogenising in a Slab Waveguide
Colour balancing is applied by changing the ratio of the different input wavelengths. The output
of the waveguide also must have a uniform power density along the column. As shown in Figure
9.22, Figure 9.24 and Figure 9.27 the output power fluctuates across the waveguide unless the
length of the waveguide is sufficiently long (210 mm) to achieve an acceptable uniformity (>90
%). Increasing the length of the waveguide is not a very viable solution for two reasons. Firstly,
handling a long waveguide is a challenge. The waveguide thickness is only 100 µm and a glass
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sheet with this thickness breaks easily and must be protected properly. The optical loss due to the
material absorption increases with increasing waveguide length. This is important for safety
concerns, particularly as high power lasers are used to compensate the power lost and also heat is
generated inside the waveguide as a result of absorption. Secondly, implementing a long
waveguide in display systems increases the size of the display. Moreover, the waveguide
combiner will not be suitable for microdisplay systems such as microprojectors.
To obtain a homogenised output at a shorter length of waveguide, the light needs to be scattered
inside the waveguide and mixed. What we simulated in the previous section was a slab
waveguide without any wall roughness or scattering sites inside the waveguide. In an actual
waveguide, there is always wall roughness which is a source of light scattering. There might also
exist other factors including; impurities, microbends, and non-uniformity at the microscopic
level in the refractive index of the material. However, scattering spots and the wall roughness are
not entirely beneficial as they can also cause light to be scattered into an angle greater than the
critical angle and consequently increase the optical loss. Therefore, there is a trade-off between
the optical loss and achieving uniform output using roughness and impurities.
We tried to use both the wall roughness and also some designed scattering sites which can be
implemented inside the slab waveguide to diverge the light up to the critical angle. Therefore, we
use both the scattering of the wall roughness and also try to use all the space in the waveguide
more efficiently for beam combining and homogenising. In the design shown in Figure 9.28, two
objects with a triangular cross section have been implemented inside the waveguide to scatter the
light. The position and the angle of the scattering sites where optimised to give the shortest
length waveguide with the best uniformity. The scattering sites are 1 mm away from the input
facet of the waveguide and there is no material in their location (refractive index of one). The use
of the scattering sites is more efficient where the NA of the waveguide is larger than the NA of
the fibre. In this case, light is coupled into the waveguide with a small angle and can be scattered
more without reaching the critical angle. In other words, the larger the refractive index difference
between core and cladding of the waveguide, the larger the scattering angle that can be achieved
and, hence, the smaller the waveguide length will be so glass waveguides with air cladding are
very suitable.
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Figure 9.28: Slab waveguide with some scattering sites. The scattering sites are triangular regions
which have been removed from the waveguide so their refractive index is 1.0. The length of the
waveguide has been truncated to be able to show the scattering sites.
Figure Figure 9.28 shows an example of scattering sites with a triangular cross section shape
removed from the waveguide. Although the length of the waveguide was reduced to 85 mm with
implementing of the scattering sites, the simulation results show that efficiency has been
decreased. The efficiency of the waveguide combiner without the scattering site is 92% whereas
with the scattering site it is reduced to 69% for the same waveguides. As defined previously, the
efficiency has been calculated by dividing the number of the rays arriving at the detector by the
number of rays launched into the waveguide.
Figure 9.29: The output of the waveguide after implementing the scattering site inside the slab
waveguide. The uniformity is 93%.
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The efficiency of the waveguide with scattering sites can be improved by improving the
scattering site shapes, angles and positions and by increasing the NA of the waveguide (which
means using a different core material with larger refractive index). The loss is due to the rays
which are scattered away from the waveguide at larger than the critical angle.
9.5 Experiment Results using Slab Waveguides:
Several experiments were carried out to analyse the performance of a slab waveguide in the
display system. Different slab waveguides with different lengths were used and the light from the
lasers was coupled into the slab waveguide using an optical fibre or several multimode fibres in a
ribbon. The experimental configurations are shown in Figure 9.30. As shown in this figure part
A, the output of the high power laser is coupled into a multimode optical fibre (100 µm core
diameter) and the optical fibre is connected to the slab waveguide. The slab waveguide is made
of glass with a refractive index of 1.523. It should be mentioned that in the experiments
explained in this section, we try to prove the concept and find the difference between our method
of using waveguides and the conventional free space approach. Therefore, the optical loss is not
very crucial at this stage. The slab waveguide used was 1 mm thick and the results presented
below were achieved for a length of 75 mm. The width of the slab waveguide was 20 mm. The
difference between the waveguide used for the experiments and the simulations is mainly the
thickness. An off the shelf glass waveguide with 100 µm thickness was also tried but the length
of the waveguide was just 30 mm and it was too short to achieve a good homogenisation at the
end.
Figure 9.30: Schematic diagram of using slab waveguide for beam homogenization and de-
speckling.
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In the display system, three fibres one for each of the RGB lasers is connected to the slab
waveguide and the power and colour are mixed, homogenised, and shaped by propagating inside
the waveguide.
Figure 9.30(B) shows a different situation where instead of having one single fibre, several fibres
are used in the form of a ribbon. 40 step index fibres with core diameters of 50 µm were used.
The fibres were placed inside a glass cylindrical tube having an inner diameter of 4 mm and were
glued together and the output of the laser was focused on the input of the fibres. At the other end
of the ribbon the fibres were placed next to each other and sandwiched between two glass sheets
and glued. The outputs of the fibres were then coupled into the slab waveguide. Figure 9.31
shows the experimental configuration. In the display system, the fibres for three RGB colours are
mixed and then sandwiched between the glass sheets as it helps a better colour mixing.
Figure 9.31: Fibre ribbon connected to the slab waveguide for the green and red laser.
Figure 9.32 shows the output of the waveguide scanned on the SLM with a frequency of 60 Hz.
The results shown in this figure, which is compared with the free space approach, shows a
significant difference. There is no sign of the multiple stripes or multi-emitter interference that
can be seen in the free space system using microlens arrays. The uniformity across the
photograph in Figure 9.32 for part A and B is 48% and 87% respectively.
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Figure 9.32: A: Scanned output of the free space approach. B: Scanned output of the slab
waveguide.
9.6 Conclusions:
Two different lens systems were designed and simulated using ray tracing to focus the output of
the NECSEL beam into an optical fibre with 100 µm diameter and NA of 0.22. The coupling
efficiency was calculated to be 73%.
As the manufacturing of a custom lens system increases the cost of the display system, the use of
a microscope objective for focusing the NECSEL beam was considered and a new microscope
design was developed and designed for NECSEL laser focusing. The NECSEL beam was
reduced from 3 mm × 8 mm to a spot with 90 µm diameter, which is less than the diameter of the
fibre.
The microscope objective was tested by experiment and 75% NECSEL-fibre efficiency was
achieved for a 200 µm core diameter fibre with NA of 0.39.
The optical fibre was implemented in the light engine of the HELIUM3D system. We achieved
85% uniformity across the light line. Moreover, there was no sign of any multiple spots on the
line, which was seen in the free space homogenisation approach due to the multiple beams
emitted from the NECSEL laser.
A slab waveguide was simulated to be used for beam shaping and beam combining for the first
time and was used in the HELIUM3D system. Two options of 1) three optical fibres for red,
green, and blue colours and 2) three fibre ribbons each for one colour, were used for the input of
Chapter 9: Design, Simulation, and Experimental Results for Laser Beam combining,
homogenising, and shaping Waveguide
224
the waveguide combiner. The results show that for a glass slab waveguide which is 10 mm wide
and 100 µm thick, the required length is 210 mm to achieve 90% uniformity at the output of the
waveguide and have a good uniformity. (These results were achieved with three optical fibres as
the input. The length of the waveguide was reduced to 150 mm with a uniformity of 92% at the
output of the fibre combiner when the input was three fibre ribbons).
The simulation results indicate the requirement for a long waveguide. The waveguide thickness
is only 100 µm and a glass sheet with this thickness breaks easily and must be protected
properly. The optical loss due to the material absorption increases with increasing waveguide
length. This is important for safety particularly as high power lasers are used to compensate for
the power lost, and heat is created inside the waveguide. Moreover, implementing a large
waveguide in display systems increases the size of the display and the waveguide combiner will
not be suitable for the micro display system such as micro projectors.
The simulation results explained above are for a waveguide without wall roughness or any
scattering site to scatter the light inside the waveguide. A low-cost scattering site with a triangle
shape was suggested and simulated. Implementing this scatter-site decreased the waveguide
length to 85 mm. Although the length of the waveguide was reduced to 85 mm with
implementing of the scattering sites, the simulation results show that efficiency has been
decreased. The efficiency of the waveguide combiner without the scattering site is 92% whereas
with scattering site it is reduced to 69% for the same waveguides.
The use of a slab waveguide as the power homogeniser was experimentally tested by using a
glass slab waveguide with a thickness of 1 mm. Increasing the thickness of the waveguide and so
the output light line does not degrade the performance of the HELIUM3D system seriously. The
results for a slab waveguide with a length of 75 mm show a uniformity of 85% at the output of
the waveguide. Moreover, there was a significant reduction of the speckle pattern, which is
concluded in the next chapter.
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Chapter 10: Laser Speckle Analysis Techniques
10.1: Introduction
In this chapter a new method of speckle investigation based on the speckle spot size is
introduced. A new computer program (with a CCD camera) was developed to record the
speckle pattern and analyse it in real time to calculate the speckle contrast, speckle spot
radius, uniformity of the pattern and analyse the speckle pattern using image processing
techniques. The benefit of this software is demonstrated by using it to monitor the speckle
contrast, diameter and uniformity at various positions along the optical path after each
optical component in an autostereoscopic display system (explained in chapter 6). The
speckle contrast is also mapped at the viewer’s position. Such results have never been
shown for any system before and have the advantage of showing the fluctuation of speckle
contrast across the display system and the effect of each optical component in the system
on the speckle pattern. In the second part of this chapter, the results of new research on the
effect of the diameter of an optical fibre on the speckle contrast are presented by
experiment. Finally, speckle patterns recorded in light emerging from a slab waveguide
used for beam combining, beam shaping and homogenization in the autostereoscopic
display system (chapter 9) are shown and compared with those from other waveguides with
different size.
In chapter 3, the speckle phenomenon was explained where coherent light is reflected from
(or transmitted through) an optically rough surface. The scattered/transmitted light beams
interfere with each other at the detector surface (camera or human eye) and present a fine
granular structure in the intensity distribution called speckle. The origin of the speckle is
due to the random roughness of the surface from which the light is reflected/transmitted as
it gives a phase shift to the reflected/transmitted light [10.1]. Speckle has a profound effect
on the information that can be extracted from an image produced by a coherent light source
as it reduces the quality of the pictures.
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Speckle patterns are random distributions of dark and bright spots and the size of the
speckle is related to the coherency of the illumination source. A light source with a higher
spatial coherence produces larger speckle contrast. The coherence of the light source, and
so the speckle contrast, can be determined by the auto-correlation function of the speckle
pattern. A larger spatial coherence will result in a slow de-correlation and therefore, causes
larger speckle contrast. The half-width at half maximum of the auto-correlation function
defines the speckle contrast[10.2;3]. The speckle contrast should be reduced and there are
several methods for reducing this parameter which were reviewed in chapter 3. The amount
of reduction is given by the fundamental results of probability theory for adding N
independent, identically distributed, uncorrelated real-valued patterns. Based on this theory,
if N independent speckle patterns are added the contrast of the resultant speckle pattern is
reduced by ଵ
√ே
[10.3]. Therefore, the result of each method that is used to reduce the
speckle contrast depends on how many independent speckle patterns are created by that
particular method. The speckle situation on a picture is presented by calculating the speckle
contrast numerically. The contrast ratio of a random intensity fluctuation is defined by:
ܥ݋݊ ݐܽݎ ݏݐܴ ܽ݅ݐ݋= ඥ〈 ௜ܲଶ〉 − 〈 ௜ܲ〉ଶ
〈 ௜ܲ〉
Where the ௜ܲ is the grey scale value detected by the ݅௧௛ pixel of a CCD (charge coupled
device) camera and the brackets < > express the expected value[10.2;3]. The above
equation is equivalent to dividing the standard deviation (σ) by the mean value (µ) of the
pixels’ value and the result lies between 0 to 1. If the contrast of the speckle is below the
threshold of the human eye perception, then the speckle pattern cannot be resolved by
human eye and it will not affect the image quality. The speckle pattern is not perceived by
human eyes if the speckle contrast is equal or less than 0.04 [10.4;5]. However other
researchers have reported that the speckle contrast should be less than 0.01 to be below the
threshold of the human perception[10.2].
10.2: Speckle Contrast Measurements and Characterization
To measure the speckle pattern, two experimental configurations shown in Figure 10.1 and
Figure 10.2 were used. In these experiments, the speckle patterns are recorded by a black
and white CCD camera with the pixel size of 4.5 µm × 4.5 µm. The camera had a
controllable exposure time, aperture and sensitivity.
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In Figure 10.1, the speckle pattern is recorded by a CCD camera without any lens or
aperture system. In this case, the light scattered/transmitted from the optical elements
reaches the CCD chip and the interference pattern on the surface of the chip is recorded as
the speckle pattern.
Figure 10.1: Schematic of the system illumination and measurement setup. The HELIUM3D
system is explained in chapter 5 in detail. In this figure the focus is on the speckle
measurement configuration.
In Figure 10.2, a spherical lens with an aperture was used to measure the speckle contrast
as it is seen by the viewer. A spherical lens with an aperture was added to the CCD chip to
measure the speckle contrast as it is seen by the human eye. In this configuration the CCD
chip simulates the retina of the eye and the spherical lens with a focal length of 25 mm, was
used to image the speckle pattern on the CCD chip, and mimics the lens. A manually
adjustable aperture was also placed in front of the lens to simulate the iris in the human eye
(Figure 10.2).
Figure 10.2: Optical arrangement for recording speckle pattern as it is seen by the human eye
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A completely accurate model of the human eye would be much more complicated than this
but the comparison of the CCD images with actual observations showed a high level of
similarity.
The plan is to have the camera fixed in the position first and then add the optical elements
one after another and measure the difference on the speckle contrast after adding each part
such as L2, diffuser, L3, SLM, etc. This gives us an idea of the effect of each optical
component on the speckle configuration which is helpful in the next stage for reducing the
speckle contrast.
Another important issue to be considered is the movement of the viewer. If the position of
the viewer changes, will the perceived speckle be different? When the viewer changes
his/her position, he/she receives a different wave front emitted from different angles and
different parts of the super lens screen which could have different roughness. Therefore, the
received wave fronts have different phase properties and produce a different interference
pattern, which is the speckle pattern in that position. Therefore, the movement of the
viewer needs to be investigated to find if the perceived speckle is different in different
positions. A manual rail was used and the camera was attached to the stage and can be
displaced in two horizontal and vertical directions. This system enables us to carry out the
experiment and investigate the change in the position of the viewer’s eye.
The speckle pattern captured by the CCD camera needs to be processed to determine the
speckle contrast. Although all the calculations are based on the intensity value detected by
the CCD camera, not all of the captured data contributes to the speckle as there are some
non-speckle phenomena to be separated such as fringing pattern, edge scattering or any
other regular pattern that might be added due to the design of the optical system and using
multilayer components. Apart from the edge effect, the other artifact can be regarded as the
low frequency pattern such as the effect of non-uniform illumination. The non-speckle
effects are removed by using image processing and filtering. The speckle patterns are
recorded in different experiments and analysed in Matlab. However, it was found that
sometimes analysing the speckle pattern suggests some change in the system to see the
change in the speckle. To be able to perform this action, new Matlab based software was
developed to analyse the speckle pattern in real time. This is very useful and applicable to
any speckle pattern. The software is explained in the next section.
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10.2.1: Real Time Speckle Analysis Software
To analyse the speckle pattern, a graphical user interface (GUI) was written in Matlab
which captures the data and enables the user to calculate the histogram of the intensities
captured by the camera, autocorrelation function, speckle contrast, uniformity and Fast
Fourier transform (FFT) in real time.
The software output shows several graphs and can be used to compare the speckle pattern
in various situations. It can also calculate the 2D FFT and apply different filters to the data
in the frequency domain. Another option has also been implemented in the software, which
calculates the speckle size; this is a very useful feature for the speckle analysis. Figure 10.3
is an example of the appearance of the software output and shows how graphs and options
are arranged.
The software can be used for either real-time calculation or for any saved pattern. It is most
useful where the user makes a change to the system such as adjusting the alignment of
components in x, y, z or in 3 angles and wants to see the resulting change in the speckle
contrast immediately. So, for example, the alignment giving the least speckle contrast can
be chosen by real time optimisation. The software can also be used to calculate the
illumination uniformity across the pattern or any selected part of the recorded pattern.
Another aspect of the software is that the user can choose any part of the speckle pattern
and analyse the selected part by cropping the image and analysing a different part of the
speckle pattern in real time. The uniformity is determined by dividing the minimum value
of the data by the maximum value. The software shows the speckle and non-uniformity in a
bar graph at the right hand side in the middle of the image (Figure 10.3).
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Figure 10.3: A sample of the speckle analysing software.
Figure 10.3 shows a snap shot of the output of the program. The user can choose different
modes from the drop down window. The software can be used for real time processing or
can save the current speckle and the viewer can apply some measurements and analyses
quickly. Figure 10.4 shows the available option for the speckle pattern shown on the axes
and the analysis to be applied.
To apply analysis such as FFT and speckle spot diameter, the captured mode or crop mode
should be chosen and, then, the relevant option from the analysis window applied as due to
the memory limitation and time consumed for the analysis, it will not be applicable to the
real time measurements.
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Figure 10.4: A: Different available option for the speckle analysis software to be chosen by the user. B: the
analysis option available for the user after choosing the speckle pattern to be analysed.
The program can calculate the auto-correlation function which is useful for calculating the
speckle diameter. Moreover, it is very helpful to find if there is any repeated pattern in the
picture which is not due to the speckle but illumination non-uniformity or optical design.
Speckle spot diameter is also a very useful option to find the diameter of the bright and
dark spots. The speckle size detection uses the Granulometry technique which is explained
in Appendix 1.
10.2.2: Speckle Spot Diameter Measurements
Speckle spot diameter has been considered in different systems and speckle pattern by
theory and experiments. However, in display systems the speckle contrast is the main
parameter which is reported by different researchers and companies as it is explained in
Chapter 3. Image processing and statistical theory have been used to calculate the speckle
spot diameter. Fourier transform, autocorrelation function and spectral density are the main
parameters that have been used for calculating the speckle spot diameter[10.6;7].
The first research into calculation of this parameter was carried out by Goldfischer where
he used the autocorrelation function and derived the power density of a speckle pattern. He
showed that this function is proportional to the autocorrelation of the effective scattering
area[10.6]. The speckle size in three dimensions has also been considered by using
autocorrelation function of the intensity[10.8].
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It was found that the distance between the source and the scattering surface has nothing to
do with the speckle size but the distance between the viewer and the scattering site effects
the observed speckle size. In general all the published research indicates that the
autocorrelation function of the random irradiance determines the speckle spot distribution.
The average speckle size is determined from the first minimum of the autocorrelation
function[10.9].
The speckle size and the calculation of the speckle size is not easy in general especially in a
speckle pattern. The reason is that firstly there is not a very clear boundary for the black
and white spots and they merge together. Secondly, they do not have a particular shape and
as several different spots merge together they produce random spot shapes. Another issue
to mention is that the size of the black and white spots are not the same and there are small
and large spots in the speckle pattern. These points make the speckle calculation in a real
speckle pattern difficult. In this thesis we use a new method for calculation the speckle spot
diameter which is Granulometry. In fact apart from the nature of the speckle and what
causes the speckle, the focus is on the speckle pattern recorded by a camera or perceived by
human eye. Granulometry is the process to measure different grain size in a granular
material. In this process, the size of the objects is estimated based on the size in a
photograph. This is a well-known process and is used extensively in different industries
such as mining[10.10].
This method is used in this thesis to calculate the intensity surface area distribution of the
bright spot as a function of size. The method we used in this research is based on the
Granulometry algorithm from Matlab software. The method is explained in Appendix 2.
Granulometry was implemented to calculate the speckle size in the developed software for
speckle analysis (Figure 10.4). However, the software provides the option to calculate the
autocorrelation function and can be used for comparing the speckle size obtained from
different methods.
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To see the difference between the autocorrelation and Granulometry method, the speckle
spot diameter calculated by these methods are compared with each other for some designed
patterns (Figure 10.5) and real speckle patterns. Figure 10.5 contains circles with a range of
diameters, and autocorrelation and Granulometry are used to calculate the diameter of the
circles. These circles 0simulate the speckle bright spots and are drawn manually and
distributed randomly. The exact diameter of the circles is also determined by manually
counting the number of pixels in each circle.
Figure 10.5: designed pattern for comparing the speckle size calculation method. The
diameter of the circles in part A, B, and C is 52, 34, and 11 pixels respectively.
In Figure 10.6 the autocorrelation function and in Figure 10.7 Granulometry is used to
calculate the diameter of the circles shown in part A, B, and C in Figure 10.5. In these
patterns the circles have the same size and as the figures below show, both methods
calculate the size of the circles with a small error.
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Figure 10.6: Autocorrelation function of the pattern in Figure 10.5.
Figure 10.7: The radius of the circles in part A, B, and C in patterns shown in Figure 10.5 calculated by
Granulometry. Three peaks in the graph show the radius of each circle.
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Both autocorrelation and Granulometry methods determine the size of the circle very
accurately in Figure 10.6 and Figure 10.7. But this is a very ideal situation where all the
circles or speckles are neat and of the same size. In real speckle patterns, there are several
bright and dark spots with different diameters which must be considered. To compare the
functionality of the methods in such a situation, the circles are mixed and randomly
distributed and the size of the circles is calculated again (Figure 10.5 pattern D). The results
are shown in Figure 10.8 and Figure 10.9. The results show that the autocorrelation
function in this case, which is more realistic, cannot provide accurate information as it
shows an average distribution of the speckle sizes. In contrast, there is no difference for the
Granulometry and the circles with different size are recognised despite the distribution or
number of them. Comparing Figure 10.7 and Figure 10.9 can prove this matter as in both
figures; the speckle size has been calculated to be exactly the same.
Figure 10.8: Autocorrelation of the pattern shown in Figure 10.5 part D. the red, green and blue graphs are the
autocorrelation for the patterns A, B, and C.
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Figure 10.9: The size of the circles in part D shown in Figure 10.5 calculated by Granulometry. Three picks in
the graph show the radius of each circle.
The problem in a real speckle pattern obtained from a rough surface or diffuser is different.
The fact is that normally speckle patterns do not have a sharp edge and the contrast can
change across the pattern. There are several bright and dark spots overlapping each other
and make the spots have different shapes to one another. Speckle size is the radius or the
diameter of the bright or black spots but due to the overlap of the speckle spots and the
shape of the speckle spots the size may be different in different directions. The
autocorrelation function will again provide an average size of the speckle and the
Granulometry method should be considered with more caution. To finish this section the
speckle size for a real speckle pattern is calculated by both autocorrelation and
Granulometry methods for two different speckle patterns shown in Figure 10.10.
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Figure 10.10: Two different speckle patterns. A: after a diffuser; the speckle size is 5 × 40
pixels. B: speckle size is 5 × 4 pixels.
The speckle size calculations using the autocorrelation method and Granulometry are
shown in the next three figures.
Figure 10.11: Speckle size calculation using autocorrelation function for speckle patterns in
Figure 10.10 in the vertical direction.
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Figure 10.12: Speckle size calculation using autocorrelation function for speckle patterns in
Figure 10.10 in the horizontal direction
Figure 10.11 and Figure 10.12 show the results for using autocorrelation in the horizontal
and vertical direction for the middle row and column of the speckle pattern in Figure 10.10.
The speckle pattern A was recorded after a horizontal diffuser so the speckles are longer in
one direction. It was chosen deliberately to show which method works better for the
speckle size calculations. Comparing the results in Figure 10.11 and Figure 10.12 with
Figure 10.13 shows that Granulometry gives better results when the speckle spots are
symmetric, or in other words have a more circular shape. The size of the grains in the
pattern A is 4-6 pixels in one direction and about 30-40 pixels in the other direction and it
is 4-5 pixels for most of the speckle spots in pattern B.
For pattern B the autocorrelation function gives a size of 6 pixels and Granulometry 4
pixels. But for pattern A, Granulometry in fact does not work as the speckle grains are in an
elliptical shape. The results are not even close to the 40 pixels size as it is shown in Figure
10.13. The autocorrelation function calculates more accurate results especially if the second
minimum is considered as the speckle size in Figure 10.12.
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Figure 10.13: Speckle size calculation using Granulometry for speckle patterns in Figure 10.10.
Therefore, based on the results shown in this section Granulometry and autocorrelation
should both be used on the results to achieve a reliable result. In most of the speckle
patterns where the black and white spots are symmetric the Granulometry provides better
results for the grain size. The important fact is that it can calculate the size of different
spots in the pattern. It should be mentioned that the limitation on the Granulometry
algorithm should be considered and improved with different image processing
implementation methods.
10.3: Speckle contrast measurements and results
In this section different speckle measurements are presented. The measurements are based
on the optical components used in the HELIUM3D system. Lasers, optical diffusers and all
of the elements were chosen to reduce the speckle, as speckle was noted at first due to
using coherent laser beams for the light source. Therefore, a comprehensive investigation
of the speckle pattern is presented in this section.
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10.3.1: Speckle Contrast Measurement using NECSEL Laser
as the Light Source
Speckle contrast can be reduced either by reducing the laser coherency or statistical
addition of different diffraction patterns[10.3]. Integration of different speckle pattern is the
most applicable method reported and employed in the laser display system. The
HELIUM3D system is a laser display system, which uses three lasers as the light source.
Therefore, the speckle problem reduces the image quality. However, the lasers were chosen
to be multiple emitter, which can reduce the speckle contrast by adding different speckle
patterns created by each emitter if the emitters are coherently independent.
10.3.1.1: Reducing the Speckle Contrast by Increasing the Bandwidth of the Laser
Semiconductor lasers are used as the light sources and laser feedback or thermal effects
shift the central frequency of the laser or widens the spectrum which results in speckle
reduction[10.1]. We measured the spectrum of the laser and measured the speckle pattern
to detect the change in the line width by changing the driving parameter of the NECSEL
lasers. We tried to displace the central frequency and widen the laser beam bandwidth to
reduce the coherency of the laser beam. Increasing the bandwidth, which is comparable to
chirp in digital electronics[10.11], can be imposed by changing the drive current. NECSEL
lasers provide access to the frequency and the duty cycle of the driving signal, which are
used to tune the output power of the laser. To take advantage of broadening the line width
of the NECSEL beam, the duty cycle and frequency of the laser pulses were changed and
for each duty cycle the speckle contrast and the spectrum was measured. Figure 10.14 and
Figure 10.15 shows the results of the NECSEL spectrum and the speckle contrast recorded
by the CCD camera. The spectrum was measured by a spectrum analyser (PMA-12 from
HAMAMATSU Company).
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Figure 10.14: Spectrum of the green NECSEL for different driving frequencies. . A
Hamamatsu spectrum analyzer (PMA-12) was used for the measurement.
The results show there is no detectable change in the spectrum or speckle pattern and
changing frequency of the drive current does not provide any speckle reduction.
Figure 10.15: Speckle contrast of the green NECSEL output in different frequencies of the drive current.
Figure 10.16: the speckle pattern recorded by CCD camera for different laser driving
frequencies. The recording camera was 20 cm away from a print quality paper and recorded
the speckle pattern reflected from the paper.
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The laser beam bandwidth in different frequencies shows that there is no change in the
frequency of the laser when the driving parameter changes. The speckle pattern and speckle
contrast also show no significant changes (Figure 10.15 and Figure 10.16). The results in
Figure 10.15 and Figure 10.16 can be explained by considering the NECSEL structure.
NECSELs are doubled frequency diode lasers with Volume Bragg Gratings (VBG)
implemented inside the casing to stabilize the wavelength of the laser (Figure 10.17).
Figure 10.17: Schematic graph for the NECSEL laser. The graph shows a side view, which is
the beam formation of one single emitter. There are 24 emitters in each row.
The VBG makes the laser output temperature independent and no other wavelength is
allowed to radiate from the laser other than the designed wavelength. Therefore, although
wavelength diversity decreases the speckle contrast however, it cannot be used in this case.
Therefore, HELIUM3D cannot benefit from wavelength diversity for green and blue
colours.
10.3.1.2: Speckle Pattern of the Laser as a Function of the Number of Emitters
and Diffusers
The transfer screen section of the HELIUM3D display system uses two horizontal and
vertical diffusers and 48 laser sources of each of the blue and green lasers and 20 emitters
of the red laser in the multi-emitter lasers as the light source. Theoretically, when all
sources are of equal brightness; the speckle contrast should be reduced by a factor of N-1/2
where N is the number of emitters. We measured the speckle pattern resulting from various
numbers of emitters and various numbers and orientations of diffusers. Figure 10.18 shows
a schematic diagram of the experiment.
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Figure 10.18. Schematic diagram of the configuration of the experiment to measure the
speckle pattern.
For the measurement, the CCD camera was used without any lens. The laser source was 2
m away from the reflecting surface and the distance between the camera and the surface
was 1 m. Different numbers of the emitters were in operation and the speckle pattern was
recorded after reflecting from a print quality paper. The position of the camera and lasers
and the reflecting surface were constant during the experiment.
10.3.1.2.1: The Speckle Contrast as a Function of the Number of Emitters
The experiment in Figure 10.18 without having the diffusers in the system was arranged
and the speckle patterns which different numbers of emitters were recorded. Figure 10.19
shows the recorded speckle pattern for different number of emitters. The results show a
significant change in the speckle pattern.
Figure 10.19: The speckle pattern of the NECSEL beam. A: 2 emitters B: 16 emitters, C: 48
emitters are switched on.
The speckle contrast as a function of the number of emitters is plotted in Figure 10.20 with
a plot for statistical theory of the reduction of N-1/2 for N number of emitters. The yellow
area under the horizontal straight red line in the graph shows the 4% contrast limit of
perceptibility for human eyes. Any speckle contrast below this graph will not be detected
by the human eye.
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Figure 10.20. Speckle contrast obtained as a function of number of independent emitters.
Any speckle pattern with a contrast below the red line (<4%) is imperceptible.
The black solid curve in Figure 10.20 indicates the maximum suppression of the speckle
contrast due to the combination of N independent speckle patterns (N-1/2) and the dotted
graph shows the experimental results. On the viewing plane, which is the CCD camera
array, the speckle contrast will be influenced by the angle subtended by all the emitters.
The subtended angle is different for the horizontal and vertical emitters. The theory and
experiment agree to within experimental error.
10.3.1.2.2: Speckle Pattern with Various Numbers of Diffusers in the System
Figure 10.20 indicates that the chosen lasers will bring the speckle contrast very close to
the region where it cannot be observed when all of the emitters are operating. To examine
the effect of the diffusers, we recorded the speckle pattern in the presence of different
numbers and orientations of diffuser. The experimental arrangement and the position of the
diffusers are shown in Figure 10.18. (In the 3D system one horizontal and one vertical
diffuser are used in the same order). The diffusers were arrays of polymer cylindrical
microlenses and only 10 emitters were used to avoid damaging the diffusers. Figure 10.21
shows the speckle pattern after using different numbers of diffusers.
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Figure 10.21: The speckle patterns of the laser beam with different number of diffusers in
the system. Speckle contrasts from left to right are 30.2%, 13.3%, 10.9%, 5.7% and 1.8%
respectively.
The speckle contrast due to different diffusers is shown in Figure 10.22 as a function of the
number of horizontal and vertical diffusers. Each diffuser diverges the light by an
additional 30±5 degree.
Figure 10.22. Speckle contrast for various numbers and orientations of diffusers. Each
diffuser diverges the light by 30± 5 degrees (523 mrad). 10 NECSEL emitters are operating.
The red surface in Figure 10.22 indicates the 4% contrast limit and the green bars show the
measured speckle contrast. The contrast is below the visible limit when there are three
diffusers in the system. The speckle contrast is 5.7% with two horizontal and vertical
diffusers and 10 emitters. It should be noted that in this experiment the speckle contrast
was reduced from 22.3% to 5.7% with two diffusers.
Chapter 10: Laser Speckle Analysis Techniques
247
Therefore, from this measurement and Figure 10.20, we can infer that the speckle contrast
will be below the quoted sensitivity in the 3D system if we use all 48 emitters and two
diffusers. However, it must be mentioned that the effects of additional system lenses, the
SLM, diffraction due to the micro lenses, and surface scattering must also be taken into
account to find the final degree of speckle contrast. Another issue to keep in mind is that
the experiment results are based on the reflective speckle as we use a white print quality
paper in the experimental configuration (Figure 10.18). The HELIUM3D system is not a
reflective projection system and the viewer essentially looks directly at the screen which
receives the transmission speckle pattern. Therefore, further measurements have been done
on a system which simulated the HELIUM3D system. In the experiment, we try to measure
the speckle as it is seen by the viewer so we use a combination of lens and iris in front of
the CCD sensor to record the speckle pattern.
10.3.2: Characterization of Speckle in the HELIUM3D System
We explained the system and also the measurement equipment and software in the previous
chapters and sections. In the next part of this chapter, the speckle is monitored at several
points through the system in different places and speckle contrast changes along the system
after each component is reported for the first time. This shows the effect of each part of the
system on the speckle which is helpful at the next stage for reducing the speckle contrast.
All of the lenses and other components are arranged as they are in the HELIUM3D system
with the same specification. In the experimental configuration used for speckle
characterisation a static aperture was used (Figure 10.23) instead of the real dynamic SLM
of the final display. To investigate the speckle contrast the experiment was arranged as
shown in Figure 10.23. To investigate the speckle situation in the HELIUM3D system
several experiments were carried out to compare the effect of beam shaping and line
scanning compared to the static image system. To find the effect of the optical components
in the system on the speckle contrast a single green laser was used.
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Figure 10.23: The experimental configuration for speckle and uniformity measurement.
The laser source was a 300 mW, DPSS (Diode-Pumped Solid-State) model from Laser
2000 ltd. with a measured wavelength of 532 nm. Free-space beam-shaping optics is used
to shape the output of the laser into a line after expansion using a 5× beam expander. To
shape the expanded beam into a line a cylindrical lens was used to focus the light in the
horizontal direction. The shaped beam then was scanned on a spherical lens which was
used as the projection lens.
10.3.2.1: Effect of the Scanning Image on the Speckle Pattern
In the HELIUM3D system the image is formed by scanning a line of light on the LCoS
(liquid crystal on silicon) intensity modulator. To find the effect of the scanning line, the
speckle patterns after the horizontal diffuser and at the viewer position are investigated and
compared. A simple beam shaping optic element (a cylindrical lens) is used to shape the
output of the laser into a line after expansion using 5× beam expander. Figure 10.24 shows
the result, which is the light line at the position of L2 (the horizontal diffuser).
Figure 10.24: Light line at the horizontal diffuser. The line is 260 µm wide. The speckle
pattern is 11.5% ± 2.5% across the line.
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Figure 10.25 shows the speckle contrast at the viewer position for different output of the
light engine. The output of the light engine was the expanded laser beam without the beam
shaping part (The cylindrical lens was removed not to shape the beam into a line), just a
static line (light column without scanning), and a scanning line (real system).
Figure 10.25: Speckle contrast at the viewer point for different output at the light engine.
The speckle pattern was also recorded at different distances from the horizontal diffuser
(Figure 10.23). Figure 10.25 shows that the speckle contrast at the viewer strongly depends
on the configuration of the illumination. Moreover, Figure 10.26 shows that the speckle
contrast varies considerably throughout the system. For example, the speckle contrast at the
position of the SLM (500 mm away from the horizontal diffuser) is even less than the
speckle pattern at the viewer position (2.5% at the SLM and 4.9 % at the viewer).
Figure 10.26: The speckle contrast for different types of image at the position of the horizontal diffuser.
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The results in Figure 10.25 and Figure 10.26 show a difference in the speckle contrast
values with different output of the light engine while the same laser source is used for all
the experiments. Each particular recorded speckle pattern is due to the interference of
several beams at the detector. The laser beams come from different parts of the system with
random roughness and angle of emission, therefore, the speckle pattern is due to the
overlapping of several speckle patterns created by the laser beam passing from the different
parts of the system. Several speckle patterns overlap and the overall speckle contrast is the
result of the combination of the integrated patterns. Figure 10.25 shows that the speckle
contrast increases considerably when an image is formed in the shape of a line. This is
expected as the detector is illuminated by a small part of the lens. However, scanning the
line solves the problem as it is scanned with a frequency of at least 60 Hz which allows the
scanning time to be sufficiently small for the human eye to integrate the speckle patterns.
The exposure time of the camera in the scanning line case was set to be one scan period.
The speckle pattern was checked by looking at it and making sure that the recorded pattern
was similar to the one observed. Figure 10.27 shows the speckle pattern contrast as a
function of scanner frequency.
Figure 10.27: Speckle contrast at different scanning frequencies. The speckle is recorded 300 mm away from
horizontal diffuser. The exposure time is one scan period.
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As can be seen in Figure 10.27 the scanning frequency does not alter the speckle contrast as
long as the exposure time is one period. Having determined that the scanning frequency
does not change the speckle pattern, the effect of the width of the scanned area was
investigated; this can be altered by changing the projection lens or the distances between
lenses [10.12]. To test the effect of the scan-width on the speckle the speckle contrast for
different scan-widths was measured. Figure 10.28 shows the results
Figure 10.28: Speckle contrast 300 mm away from horizontal diffuser. The frequency is 60
Hz and the speckle contrast is measured for different scanning amplitudes. Line width is in
cm and V is pick to pick scanning voltage.
The results in Figure 10.28 show that the speckle contrast reduces with increasing the size
of the scanning area. It is understandable as the speckle pattern is formed as the results of
the light beams coming from different parts of the screen. Increasing the size of the screen
produces more light beams with different phase as they pass through different parts of the
screen, which can have different roughness profile, and also their path to the camera is
different to each other so they arrive with altered phase shift.
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10.3.2.2: Speckle Contrast through the System
The speckle pattern variation with scanner parameters which was investigated in the
previous section shows that the speckle contrast varies through the system due to the effect
of optical components and the divergence and convergence they cause to the beam passing
through the system. To find the speckle variation in different parts of the system the
speckle contrast was recorded in several places and the results are shown in Figure 10.29.
The results show how the speckle pattern contrast changes from the horizontal diffuser to
the superlens screen, where the incidence angle of the light onto the screen is determined
by the SLM aperture. The results show the speckle contrast reduces after the horizontal
diffuser and increases after the SLM.
This is due to the convergence of the light after the horizontal diffuser and divergence of
the light after the SLM. The SLM blocks some of the light and just the illumination which
hits the aperture area can pass through the aperture; this is why the speckle contrast
increases more rapidly after SLM. Figure 10.29 also illustrates how the speckle contrast
changes by moving the camera from the viewer position. The graph shows that the speckle
changes by only a small amount when the camera moves away from the viewer position.
Figure 10.29: Change of the speckle contrast as the camera is moved from the position of the
viewer with a static SLM aperture. The positive distance is moving towards the screen and
the negative value indicates moving away.
Chapter 10: Laser Speckle Analysis Techniques
253
In Figure 10.29 the viewer position is defined as the real image of the aperture that is
formed in the viewing field. The real image of the SLM in the viewing field is referred to
as the conjugate plane and a viewer position in this plane does not require the position of
the aperture to move over the duration of a scan. In the HELIUM3D dynamic system if the
viewer changes position in the z direction the SLM aperture changes position throughout
the scan. This is achieved with the use of a fast ferroelectric liquid crystal (FLC) linear
array[10.12].
Figure 10.30: Real SLM functioning with the head tracker in HELIUM3D system.
Figure 10.31 shows the speckle contrast results with the SLM implemented in the system
for the dynamic aperture measurements. The aperture in the SLM is moving over the time
of the scan in order to accommodate the range of z coordinate values.
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Figure 10.31: Speckle contrast variation with viewer position. The information of the
position of the viewer is fed back to the SLM to adjust the conjugate plane.
The results in Figure 10.31 do not show any significant change in the speckle pattern in
different positions of the viewer after experimental error has been accounted for.
The results in Figure 10.31 are expected as the dynamic aperture refocuses the light into the
new position of the viewer. Moreover, there is no change on the illuminated area in the
transfer screen system and of the rays from all of the surfaces of the transfer screen
contribute into the speckle pattern at the viewer position. One aspect which is recognisable
though is that the speckle contrast is larger compared to the situation in Figure 10.29 where
the aperture is a slit. The speckle contrast is on average 4% higher with the dynamic
aperture which could be due to the structure of the SLM and the effect of the liquid crystal
cells. Several cells filled with liquid crystal are joined together to form the aperture. The
increase of the speckle pattern must be due to the cells as everything in the experiment
configuration is exactly the same.
10.3.2.3: Speckle Pattern using Simulated eye
Figure 10.32 shows the recorded picture at the viewer position when the dynamic SLM is
in operation. Speckle analysis in this case, requires some image processing.
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Figure 10.32: The detected picture at the viewer position
The most obvious features are that it contains some Moiré patterns which are due to the
overlap between the linear pattern of the superlens screen and the circular pattern of the
Fresnel lens. This Moiré patterns can be reduced by choosing an optical component with
high quality and design the periodic structures to match and reduce the interface pattern.
This will imply redesigning the system and increasing the cost. The other solution is to
remove the pattern by using image processing methods such as Gaussian blurring that
reduces the sharpness by blurring the image. However, it reduces fine features and speckle
data and cannot eliminate the Moiré pattern completely. Therefore, analysing the speckle
required three different analysis techniques, namely:
1. A low frequency cut filter needs to be applied to reduce the effect of the non-
uniformity
2. The fringes must be separated from the image; however, sometimes the fringes are
high frequency so that removing the fringes removes the speckle data too. Different
filter and blurring technique were used to reduce the effect of the fringes.
Figure 10.33: Applying filter and blurring to reduce the effect of fringing. A: recorded
picture, B= processed image
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Figure 10.33 shows the results of the speckle measurement and the processed image. To
calculate the speckle contrast, first a 2-D median filtering and blurring technique were
applied to erase the effect of high frequency components created by the micro lens and
Moiré fringes. The speckle software was also used to process the data and the best result
for the speckle contrast was calculated to be 9.3 ± 2% at the viewer position. These results
were obtained with the use of a single emitter laser.
10.3.3: Speckle in Light Emitted from Optical Waveguides
For the measurement of the speckle pattern of light emitted from a waveguide, several
optical fibres with the same length (2 m) and the same numerical aperture (NA=0.39) and
different core diameter were chosen. The fibres have different core diameter therefore, the
number of modes in the fibre with the larger diameters is greater. The speckle pattern from
different fibres was recorded and compared.
What we are trying to investigate is the effect of the modes on the speckle pattern. A
commercial camera was used to look at the end of the fibres. Figure 10.34 shows the
speckle pattern at the end of the fibres with different core diameters. The USB FibreVu
Probe made by Digital Lightwave Company, is specially designed to look at the end of the
fibres in telecommunication applications to observe the end of the fibre after cleaning or
cleaving.
Figure 10.34: Speckle pattern at the output of optical fibre. A: 9 µm core diameter, B: 100 µm core diameter,
C: 200 µm core diameter
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The output of a 640 nm diode laser was coupled into the fibres and the speckle pattern at
the end of the fibre was recorded. The pattern is due to the interference of different modes
on the surface of the camera sensor. Figure 10.34 shows that, in the case of single mode
fibre (A) there is no speckle pattern as there is just one mode propagating inside the fibre.
Part B and C in this figure show interesting patterns though. The speckle size, which is the
size of the dark and white spots, is different and smaller for the 200 µm core fibre.
To investigate this effect more and to find the diameter of the speckle spots, another
experiment was arranged. The speckle pattern for fibres with different core diameters was
recorded and the results are presented in Figure 10.36 and Figure 10.37. The experimental
configuration is shown in Figure 10.35. The speckle pattern was derived from sending the
output of a DPSS green laser (532 nm) into the fibre. The fibres were coiled around a
cylindrical column to make sure that all the modes were excited inside the fibre. A CCD
camera was placed 50 cm away from the output of the fibre and the intensity fluctuation
due to the speckle phenomena was recorded by the CCD camera.
Figure 10.35: Schematic diagram for the speckle pattern recording from an optical fibre.
Figure 10.36: A sample of the Speckle pattern 50 cm from the output of the fibres with NA=
0.39 and core diameter of A: 200 µm, B: 400 µm, C: 600 µm, and D: 1000 µm.
The speckle size was calculated by counting the number of pixels in each of several bright
and dark spots and was compared with the speckle spot diameter calculated with image
processing using the first minimum of the 1D autocorrelation function. The new speckle
program introduced in section 9.4.1 was used for calculation.
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Figure 10.37: Speckle size versus the core diameter of the fibre. The NA of the fibres are the same and the
speckle contrast is 21 ± 5%.
Figure 10.37 shows the results for the speckle size for fibres with different core diameters.
It should be mentioned here that the size of the speckle depends on the recording
configuration[10.13] but the interesting point is the reduction of the size of the speckle.
Speckle is normally judged based on the speckle contrast in the display systems[10.14]. In
Figure 10.36 the speckle contrast for all of the patterns is the same (21 ± 5%) but there is a
difference in the speckle size. There are two important issues to be considered which has
not been investigated by researchers: first of all the speckle contrast and speckle perception
is different. Speckle contrast is due to the fluctuation of the intensity across the pattern and
could be the same for fluctuation with different frequency. This can be understood by
considering the definition of the speckle contrast which is the standard deviation of the
intensity fluctuation normalised by the average of the fluctuations.
However if the fluctuations are at a very high frequency then the human eye will not be
able to resolve it and will, therefore, not see it.
The second issue is about speckle reduction. Optical fibres have been used in the display
system and the speckle contrast has been reduced by vibrating the fibre. Vibrating the fibre
changes the distribution of the energy inside the modes and therefore, the phase shift
between different modes varies and as a result the speckle pattern will be different. So the
speckle contrast is reduced if the vibration is fast enough and phase change is sufficient to
shift the speckle patterns in time and integrate them to cover each other. This is where the
size of the speckle is important.
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Producing enough phase shift and as a result enough shift in the speckle patterns to cover
the dark spots depends on the size of the dark spots. Figure 10.38 can clarify this claim.
Figure 10.38: Far field speckle pattern (30 cm from the output of the fibre) without (left) and with (right)
vibration of the fibre. Fibres have different core diameters written on each speckle pattern photograph.
In Figure 10.38 the speckle pattern from fibres with different core diameters are shown.
The patterns were recorded using the configuration in Figure 10.39.
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Figure 10.39: Schematic diagram for the experiment of reducing speckle contrast by
vibration optical fibre.
The recording camera shown in Figure 10.39 is the same as Figure 10.30. The speckle
pattern was recorded before and after vibrating the fibres with different core diameter. The
vibrating frequency was 50 Hz and the amplitude was 0.5 cm for all fibres. Results in
Figure 10.38 show that vibrating the fibre with the 50 µm core area reduces the speckle
contrast but does not remove the non-uniformity due to the speckle completely, whereas
the same vibration removes the speckle pattern completely in the fibre with core diameter
of 600 µm. This effect happens not because the speckle contrast in the fibre with 50 µm
core is higher than the 600 µm fibre, but because the speckle size in the fibre with larger
core diameters is smaller. Therefore, a small change in the position of the speckle patterns
can cover the small dark spots and so the result of integrating the speckle patterns removes
all of the non-uniformity.
10.3.3.1: Speckle Contrast Reduction using Multimode Waveguides
For the last part of this chapter, the information on the previous chapter is combined with
the idea in chapter 8, for using a waveguide for beam shaping and beam homogenising. It
was proved that using optical fibres with higher core diameter helps to reduce the speckle
contrast more easily and effectively. Also the advantage of larger core was producing a
larger number of modes and as a result higher phase shift. Therefore, if we produce even
higher modes then the phase shift between modes can even reduce the coherency of the
laser beam and as a result there will not be any speckle problem. Optical waveguides were
used in chapter 9 for preparing the beam for a 3D display system.
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Figure 10.40: Schematic diagram of the use of a slab waveguide for beam homogenization
and de-speckling.
To investigate the effect of the waveguide on the speckle pattern the same waveguide is
used here and the speckle pattern at the output of a slab waveguide is compared with that
from a 100 µm fibre in Figure 10.42. The experimental set-up is shown in Figure 10.41.
Figure 10.41: waveguide speckle investigation. Low power red laser is used for the alignment
The output of a green laser was coupled into a 100 µm core fibre and the fibre was aligned
with a slab waveguide. The waveguide is made of glass (n=1.34) with a size of 15 mm × 70
mm × 1 mm. The speckle recording camera was the same as shown in Figure 10.39.
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Figure 10.42: Speckle pattern at the output of 100 µm fibre (A) and a slab waveguide (B).
speckle pattern shown in Figure 10.42 indicates a very interesting difference between the
output of the optical fibre and the waveguides. In fact, there is no visible speckle in the
waveguide output as the speckle contrast in part B Figure 10.42 was measured to be 2.9%.
Figure 10.43 shows the scanned output of the slab waveguide that was used for laser beam
homogenization in chapter 9. The output the waveguide was scanned with a frequency of
60 Hz. The speckle pattern has been removed completely.
Figure 10.43: Scanned output of the slab waveguide (shown in Figure 10.42 part B) the
speckle contrast is one percent. In fact there is no speckle pattern
The reason for the speckle contrast reduction can be explained based on what we
mentioned for the optical fibres. The number of modes in the waveguide is much greater
here and the phase shift causes the speckle size to be small and not resolved by the human
eye. In other words, the phase shift between the modes at the output of the waveguide
removes the coherency of the light therefore there is no speckle pattern. The speckle
contrast in Figure 10.43 is 1.25% ± 0.83%.
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10.4: Speckle Pattern and Human Perception of Speckle
In chapter 3, several methods for reducing the speckle contrast in display systems were
reviewed. It was mentioned that the speckle contrast should be reduced to less than 4% and
in some work it has been reported that it should be less than 1%. In this section, the speckle
pattern is considered and investigated from a different point of view where the speckle
visibility is considered with the human ability to detect and to resolve an object. The
human ability to perceive the details of an object is determined by the size and the contrast
of the object. Therefore, by considering only the speckle contrast (as has previously been
considered by companies) and not the speckle size, or the integration time of the eye, an
important part of the speckle information is ignored, which can affect the speckle visibility.
The human eye is a very powerful and complicated system; however, there are limitations
on the image size that can be resolved and the contrast discrimination which must be
considered. In Table 10.1, some of the limitations of a human eye are listed.
Table 10.1: Some of the limitations of Human eye in perception [10.15].
Normal viewing distance 250 mm
Angular resolution 1’
Spatial resolution 80 µm
Average cell distance on retina 1.5 µm
Spectral range 400 nm - 800 nm
Contrast perception 4%
Focal length 10
In human eyes, the optical receptors lie on the retina and like any other optical detectors if
the size of the image of an object is large with respect to the size of the retinal receptors
then the image will be recognised with the general shape of the object[10.15].
There is an issue here that no matter if the image on the retina is sharp (high contrast) or
blurred (low contrast), if the size of the image on the retina is less than the visual resolution
of the eye, the object will no longer be visible. On the other hand, no matter what the size
of an object is and how large it is respect to the receptors size, if the difference between the
illumination of the object and the background does not exceed the luminance threshold of
the eye in that level of illumination, the object will not be recognised.
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A dark object can be perceived based on the luminance difference threshold which is
known as the Weber-Fechner fraction[10.15]. Based on this fraction, a line subtending as
little as 0.5 seconds of arc may be seen if the contrast is about 2%[10.15]. The function of
perception is very complicated and depends on several different optical and biological
parameters and in fact, it changes from one person to another. Considering all the aspects
of the speckle perception by human eye is out of the scope of this research as the biological
information must be taken into account. However, in this research the contrast sensitivity of
the human eye for different spatial frequencies is considered for the recorded speckle
patterns. In this case, both contrast and speckle size are considered at the same time. The
idea is to find the spatial frequency of the speckle pattern (which depends on the speckle
size in a way that smaller speckle size is related to the higher spatial frequency). As the
contrast sensitivity of the human eye changes for different spatial frequencies, relating
speckle size and contrast will determine if the speckle is perceivable for the human eye.
10.4.1: Contrast sensitivity of human eye
The human ability to perceive the details of a scene depends on the size and the contrast of
the object presented. There are several factors that can affect the perception ability, which
is called visual acuity[10.15], such as size of the pupil, illumination, time of the exposure
of the target, area of the retina which is simulated, adaption of the eye and the eye
movement. Considering all these parameters increases the complexity of the investigation
however, research has been performed to understand the human perception criteria[10.15-
17]. One of the results of the research that is used in this chapter is the relationship between
the contrast sensitivity of a human eye and the spatial frequency of the object. This is called
the contrast sensitivity function (CSF) which determines the maximum resolution of the
human eye[10.17].
The CSF determines the required contrast for a particular spatial frequency to be seen by
the viewer. In fact, each individual person has his/her specific CSF as it depends on several
personal parameters but as an average study, CSF has been determined for different groups
of humans based on different parameters such as age and object illumination[10.18]. Most
of these experiments are based on using gratings and altering the spatial frequency and the
contrast of the bars in a grating[10.19]. A grating pattern was used by Campbell and Green
to determine the maximum resolution of the human eye by finding the Contrast Sensitivity
Function (CSF)[10.19].
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Figure 10.44: A sample of the patterns which shows gratings with different grating spacing and contrasts used
to find the contrast sensitivity function of human eye.
In these experiments, the contrast threshold for several grating patterns with different
spatial frequencies were measured and from the results of these experiments the CSF was
derived. The luminance profile of the grating patterns was chosen to be either sinusoidal or
square wave shape and the necessary contrast for the sinusoidal pattern to be perceived by a
human over a range of spatial frequencies was determined by experiment [10.19]. A sample
of the gratings with various profiles are shown in Figure 10.45 where the amplitude of the
sine/square wave determines the contrast and the frequency of the pattern is the spatial
frequency.
Figure 10.45: Examples of a sinusoidal and square grating pattern. A: square shape, B:
sinusoidal shape, C: sinusoidal with lower contrast compared to part B.
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The results of the experiment and the CSF are shown in Figure 10.46. In this figure, the
horizontal axis is in cycle/degree which shows the spatial frequency of the grating.
Figure 10.46: Contrast sensitivity for sine wave grating derived by CAMPBELL [10.19]. The
frequency in the horizontal axis is in cycle/degree.
In Figure 10.46, the axes are logarithmic and the graph shows the contrast sensitivity for
different spatial frequency for viewer distances of 285 cm. As shown in the graph, the
maximum sensitivity took place around a spatial frequency of 4 cycles/degree and the
sensitivity is reduced for higher and lower frequencies. This means that the human eye (of
the participating viewer in the experiment) will be able to detect the features with spatial
frequency of 4 c/degree in the lowest perceivable contrast.
The information in Figure 10.46 is used to relate the speckle perception with the speckle
size and contrast for the display. If we determine the spatial frequencies in a speckle
pattern, the CSF can determine the required contrast for each particular frequency
component for it to be observed by the viewer. The frequency components of the speckle
pattern depend on the speckle sizes existing in the pattern. Therefore, the speckle
perception is tested not only based on the contrast of the speckle pattern but also on the
speckle spot diameter.
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Figure 10.47: The contrast sensitivity function of the human eye. These data were extracted from the graph in
Figure 10.46 as the original data is not available.
We propose to do the calculation cycle: We assume that the response in Figure 10.47 is
independent of angle of the periodic lines (this assumption can be avoided by recalculation
of the special frequency based on the distance of the viewer to the screen and the size of the
speckle diameter). Now we carry out a 2D FFT of the speckle pattern to obtain a plot of all
of the spatial frequencies present in the speckle. Then we filter this pattern using the graph
of Figure 10.47.
Firstly we must convert the graph to the threshold of contrast that can be perceived; Then
we rotate the graph in around the vertical axis assuming that the same graph applies
independent of rotation in the field of view. Then we use this as a threshold so we subtract
all contrasts or amplitudes of the Fourier components which are less than this curve. Finally
we inverse Fourier Transform to obtain the remaining speckle pattern that the human
observer can perceive. The amount of speckle remaining can be quantified by integrating
either in the real domain or in the Fourier domain after thresholding.
This is the first time anyone has proposed or demonstrated this new technique and means
that laser displays become more of a reality as although the speckle is present we can
arrange it to below the level of human perception. Unfortunately due to the short of time,
we were not able to characterise the method and test it with a real speckle pattern. This is
considered as future research.
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10.5: Conclusions:
In this chapter, speckle pattern as a source of non-uniformity in the image in laser
illuminated display systems were investigated. The Granulometry method was used to find
the speckle spot diameter. This method was compared with the conventional method of
using an autocorrelation function. It can be concluded from the results that in most of the
speckle patterns where the black and white spots are symmetric Granulometry provides
better results for the grain size. However, if the spots are not circular, autocorrelation has
more accuracy. These two methods should be joined together for calculating the speckle
size.
The speckle contrast was mapped at the viewer’s position. Such results have never been
shown for any system before and have the advantage of showing the fluctuation of speckle
contrast across the display system and the effect of each optical component in the system
on the speckle pattern.
For the measurement of the speckle pattern of light emitted from a waveguide, several
optical fibres with the same length (2 m) and the same numerical aperture (NA=0.39) and
different core diameter were chosen. The speckle pattern for fibres with different core
diameters was recorded and the speckle spot diameter was calculated. It was shown that the
speckle size reduces as the diameter of the fibre increases. However, the speckle contrast is
constant. Two interesting results can be concluded from this experiment: Speckle is
normally judged based on the speckle contrast in the display systems. The speckle contrast
for all of the recorded patterns was the same (21 ± 5%) but there was a difference in the
speckle size. There are two important issues to be considered which have not been
investigated by researchers: first of all the speckle contrast and speckle perception is
different. Speckle contrast is due to the fluctuation of the intensity across the pattern and
could be the same for fluctuations with different frequencies. However if the fluctuations
are at a very high frequency (which means the speckle spots are small) the human eye will
not be able to resolve it and will, therefore, not see it.
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The second issue is about speckle reduction. Optical fibres have been used in the display
system and the speckle contrast has been reduced by vibrating the fibre. Vibrating the fibre
changes the distribution of the energy inside the modes and, therefore, the phase shift
between different modes varies and, as a result, the speckle pattern will be different.
Therefore, the speckle contrast is reduced if the vibration is fast enough and phase change
is sufficient to shift the speckle patterns in time and integrate them to cover each other.
This is where the size of the speckle is important. Producing enough phase shift, and in
result, enough shift in the speckle patterns to cover the dark spots depends on the size of
the dark spots. The smaller the speckle size, the smaller the movement (less mode
scrambling) required to remove the speckle. We used a vibrator and show that speckle
contrast in a 50 µm core fibre is higher than that in a 600 µm fibre core when both of the
fibres are subjected to the same vibration. Therefore, if we want to remove the speckle by
vibrating an optical fibre, the fibre core diameter should be as large as possible to have
more effective speckle reduction results.
This suggests that, if the size of a waveguide/fibre is large enough, the speckle pattern
should not be observed and there is no need for fibre vibration. The output from a 15 mm ×
70 mm × 1 mm slab waveguide was considered. This is the slab waveguide used for the
laser beam combining and homogenising in chapter 9. There was no detectable speckle
pattern on the scanned output of the waveguide.
This proves that a waveguide can be designed and used in a display system to combine,
homogenise, shape laser beams and more importantly de-speckle the output image.
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Chapter 11 Conclusions and Future Work
11.1 Introduction
This chapter contains a discussion of the results and the conclusion, benefits and the impact of
the new research, which was described in chapters 6 -10. This chapter is divided into three
sections. Firstly, the results of the research on the multimode waveguide for optical printed
circuit boards (OPCB) are discussed which is the findings for the optical coupling loss due to the
end facet waveguides caused in the fabrication process; and the optical loss in the crossing
waveguides.
In the next section the results of using multimode optical waveguide in laser-illuminated display
and the speckle contrast reduction by using waveguide is discussed. At the end, the speckle
contrast and speckle measurements for the display systems is reconsidered with the aid of the
research results on the speckle contrast sensitivity and the speckle size.
11.2 Multimode Optical Waveguide in High Data Rate Optical
Interconnections
In chapter 4 the OPCB system developed at University College London (UCL) was explained.
The aim of the research was to design and manufacture an OPCB for high data rate
interconnections. Several waveguides were designed at UCL, fabricated by other partners
(Exxelis, Loughborough University and Heriot Watt University) and then tested at UCL to derive
the design rules for optical engineers who aim to design the future boards. The waveguides were
in various sizes, shapes and configurations such as bend, crossing and straight waveguide. The
author of this thesis was involved in all the design and testing process. However, the
concentration was mainly on the optical coupling loss due to the end facet roughness, and optical
loss due to waveguide crossing which was investigated by simulation and experiments. In this
section the new work on optical coupling loss and waveguide crossing are summarised and
discussed.
11.2.1 Optical Coupling Loss due to the Waveguide End Facet Roughness
The results from end facet roughness due to different fabrication processes and the effect of the
end facet roughness on the optical loss were presented in chapter 6. In this chapter, the end facet
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roughness due to the use of dicing saw and flute router for cutting waveguide was investigated. It
was found that the surface of the waveguide cut by a dicing saw is smoother than a flute router as
the average roughness after using dicing saw was 61 nm (cutting with 30,000 rpm, cutting speed
= 0.6 m/min, diamond particle size on the resin blade 30 µm) while the lowest RMS roughness
achieved for milling router was 183 ± 13 nm. However, flute routers are a more suitable tools
than dicing saws for OPCB fabrication as they can be controlled with a CNC machine to cut in
any required shape. Besides, all PCB manufacturers have, and use, a CNC milling machine and
there is no extra cost for fabrication. Apart from cutting OPCBs, milling routers are also used for
making 45º mirrors and the surface quality after the milling process affects the results.
To find the relation between the waveguide surface quality and the router parameters for
optimization using a milling router to cut optical polymer waveguides, several routers with
different numbers of cutting edges (flutes) were used to cut the waveguide and the resultant
surface roughness was measured by AFM. The results from using routers with one, two and three
flutes show that one flute router provides a better surface quality in terms of the roughness
magnitude. The three-flute router cutter leaves a very rough surface (standard deviation of 911±
285 nm). Some groove or gouge-shape structures could be observed on the surface cut by a
three-flute cutter. The one-flute cutter gives a better and smoother surface (standard deviation of
183 ± 13 nm).
After choosing the one flute router, to optimise the parameters for this router, several samples
were cut with different rpm and cutting speed and were tested to find the best cutting parameters.
The best surface quality in terms of low magnitude of the roughness was achieved with 15000
rpm, and 0.25 m/min cutting speed.
Another issue to consider happened at higher rpm (between 34000- 70000 rpm). The end facet of
the waveguides cut within this range of rotation speed appeared to be covered with another layer
of material and the waveguide source (core material) was not clear under the microscope even
with back illuminating of the waveguide. The layer might be due to the heat created on the
surface of the waveguide.
We also found that the best experimental results were achieved when the rotation and translation
speed are increased or decreased in step with each other. In other words, high rotation speed
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should be used with high translation speed and vice versa. This is an interesting result, as in the
case of a high rpm with a low translation speed the cutter touches the surface more and heat
produced causing polymer melting. In addition, a low rotation speed with a high translation
speed applies a translational force to the cutter. In this case the cutter might be tilted, which
affects the end facet quality. More research should be undertaken in this area to clarify the
results.
We calculated the chip load for each case of rotation speed and translation speed. The
recommended chip load from the router manufacturer for incurring the least damage to the router
and giving the smoothest surface is 8 µm/revolution, which gives us a rotation and translation
speed of 60,510 rpm and 0.484 m/min respectively. Although the plot of roughness against the
chip load had a minimum at this number, the results indicate that a much smaller roughness is
obtained at a chip load of 16 µm/revolution. It is interesting that this is 2 times the recommended
chip load. The problem that occurred with 60,510 rpm and 0.484 m/min, which gives a chip load
of 8 µm/revolution, was the blurred core surface of the waveguide. This aspect of the cutting has
not been considered before.
The speed of the edge of the router cutter at the surface of the waveguide was calculated based
on the rotation and the translation speed. It was found that the lowest roughness occurred at a
speed of 150 m/min, increasing more quickly towards lower speeds and also increasing, although
less quickly, towards higher speeds.
Another result that was derived for the first time to the best of our knowledge is the experimental
relationship between the end facet roughness and the optical coupling loss. Optical coupling loss
for samples cut with different end facet roughness was measured. The results indicate that
increasing the roughness increases the coupling loss but not in a linear fashion. The optical loss
was increased from 4.8 dB for a sample with 61 nm roughness to 6.8 dB for a sample with 183
nm roughness. However, for the sample with 340 nm roughness the coupling loss was increased
to 7.8 dB.
Two methods of hand polishing and using a polishing router were tried to reduce the end facet
roughness. We found that the problem with the hand polishing is the inconsistency of the results.
The waveguide facet was tilted after polishing and the samples polished by different persons had
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different surface profile. As we used a milling router to cut the waveguides, a polishing router
was used to polish the end of the waveguide after cutting. Unfortunately, due to the shortage of
time and budget, we were not able to find the best polishing router with optimised parameters
and this is suggested as very useful work for future research.
To decrease the end facet waveguide roughness a new method of curing a layer of core material
on the waveguide roughness was invented and successfully tested. The results of this research
show an average improvement of 2.23 ± 1.2 dB in the coupling loss after applying index
matching fluid, and 2.60 ± 1.3 dB after applying a layer of Truemode.
As future research, the effect of heat on the end facet roughness of the polymer waveguide
should be examined. Considering manufacturing the waveguides under pressure and in a clean
room can be further research to carry out.
11.2.2 Optical Loss due to the Waveguide Crossings
In chapter 7, the optical loss due to crossing waveguides was calculated for different crossing
angles. For the first time the results from two different simulation approaches, beam propagation
and ray tracing were used and the simulation results were compared with the experiment results.
Most of the previous research on crossing is for different material, such as silicon waveguides, or
just for 90º crossings.
The results showed that the beam propagation method estimates a lower loss than the
experiments, especially for sharper angles. For example, the optical loss due to a crossing angle
of 10º was estimated by the BPM to be 0.078 dB while it was measured to be 0.159 dB. To
investigate the source of the difference, and as the difference in the results was larger for the
smaller crossing angles, the measured waveguide was studied and it was found that there is some
core material left at the corners of the crossing waveguides, which makes the width of the
crossed waveguide larger. This is due to the residue remaining during the waveguide fabrication.
This can be improved by either bringing the mask more close to the core material during the
curing or by using more collimated light during the curing process. It cannot be removed
completely due to the diffraction of the UV curing light at the edge of the mask.
To find the estimated increase in the waveguide width due to the residue, crossing waveguides
with different width on the crossed waveguide were simulated and it was found that if the
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increase of the waveguide width is 20 % ± 5%, the experimental results agree with the
simulation. On the waveguide sample, the residue was measured to increase the waveguide width
for 15 % ± 3 %, which is a good agreement with the simulation.
The next part of research in this chapter was to use ray tracing methods for the waveguide
simulations, as the BPM algorithm can simulate the crossing angles only up to 20º. The results
from ray tracing were opposite to the BPM results as they showed 10 times higher optical loss.
To find the source of this error, the process of optical loss at the crossing was reconsidered. The
optical source for the simulation was an optical fibre with NA of 0.22 and the waveguide NA is
0.3. The critical angle of the waveguide is 78º so that any ray which enters the waveguide will be
propagated within the waveguide. In an actual waveguide wall roughness causes beams with
sharper angles (high order modes) to radiate away from the waveguide. Therefore, only rays with
a shallow angle (low order modes) are propagated in the waveguide. To determine the range of
angles that propagate inside the waveguide, the NA of the source was reduced to find the
smallest NA which shows optical loss comparable to the experiments. The best results were
achieved where the NA = 0.05. This NA corresponds to an angle of 6 degrees. The interesting
result is that the output angle of the waveguide was measured in our group by Kai Wang to be 7º
± 2º.
As future work, the optical loss in different crossings with various distances between the
crossing waveguides should be considered. Waveguides with taper crossing, bent waveguide
crossing, and a mixture of bend-straight and bend-taper should be investigated.
11.3 Multimode Optical Waveguide/Light guides in Laser
Illuminated Display Systems
In chapter 8, a new means of laser beam combining, beam homogenizing and beam shaping in
display application was introduced. Our idea was to design a system to use multimode
waveguides to combine, homogenise and shape the output of three red, green, and blue lasers for
a 3D autostereoscopic display system, called HELIUM3D, and at the same time reduce the
speckle contrast, which is a major problem in laser illuminated displays. A newly developed
multi-emitter laser, called NECSEL, was chosen as the light source. The laser beam is formed
from 48 emitters in two rows of 24 emitters. The waveguide was to be designed to have an
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output light line with a dimension of 10 mm × 100 µm (A thickness of up to 1 mm was also
acceptable).
11.3.1 Various Options for Laser-Waveguide Coupling and Waveguide Combiner
The chosen laser source was a newly developed laser, and there was not much information about
the laser beam and laser emitter properties except the data sheet from the company. Several
experiments were carried out to characterise the laser and find the beam divergence, emitter
spacing, and the positions of the beam waists of the emitters. The measured data was shared with
the company and they changed their data sheet, as there was some difference between the
measurement results and their quoted data.
Several different designs for using optical waveguides in the light engine of the HELIUM3D
system were considered for the first time and compared based on cost, safety, optical loss and
efficiency.
The comparison was carried out on two sections 1: To couple the laser light from the NECSEL
into a 100 µm thick waveguide that acts as the colour combiner and colour homogeniser 2: The
design of the waveguide combiner.
For section 1, two methods of using multimode optical fibre for each laser and using a bundle of
fibres which are glued in one end were chosen to couple the laser light into the waveguide
combiner. For section 2, a slab waveguide was chosen to be the best option for the waveguide
combiner.
An investigation of the stability and aging properties of a newly developed polymer (by Micro
Sharp) was carried out. The material was to be used for micro lens manufacturing and waveguide
combiners. The effect of a 3 W laser on the material was measured by measuring the change in
the surface profile and transmission properties of the material before and after exposure. The
results showed no change in the surface profile after exposing the sample for two and half hours.
However, in the transmission graph there was a shift in the transmission spectrum. We detected a
difference of 0.18 dB at 640 nm, 0.22 dB at 532 nm and 0.34 dB at 465 nm, which means there
has been a degradation of the transmission in the material. The sample was made of three layers
of PMMA, Plexiglas and a glue layer and more investigation is needed to find the cause of the
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change in the transmission spectrum. Based on this experiment, we decided to use a glass
waveguide and microlens in the light engine of the HELIUM3D system.
The waveguide designed and introduced in chapter 8 and the discussion of the waveguide
combining can be used for any other laser with any beam shape with a few adjustments.
11.3.2 Design and Experiment of using Waveguide in the HELIUM3D System
Two different lens systems were designed and simulated using ray tracing to focus the output of
the NECSEL beam into an optical fibre with 100 µm diameter and NA of 0.22. The coupling
efficiency was calculated to be 73%.
As the manufacturing of a custom lens system increases the cost of the display system, the use of
a microscope objective for focusing the NECSEL beam was considered and a new microscope
design was developed and designed for NECSEL laser focusing. The NECSEL beam was
reduced from 3 mm × 8 mm to a spot with 90 µm diameter, which is less than the diameter of the
fibre.
The microscope objective was tested by experiment and 75% NECSEL-fibre efficiency was
achieved for a 200 µm core diameter fibre with NA of 0.39.
The optical fibre was implemented in the light engine of the HELIUM3D system and the output
of the fibre was shaped using a cylindrical lens. We achieved 85% uniformity across the light
line. Moreover, there was no sign of any multiple spots on the line, which was seen in the free
space homogenisation approach due to the multiple beams emitted from the NECSEL laser. It
was shown that using a multimode fibre helps to solve the problem of interference between the
laser emitters by coupling their outputs into the fibre modes which results in multiple spots on
the line. This multiple spot pattern reduces the uniformity of the image after the line is scanned
on the LCoS modulation device.
A slab waveguide was simulated to be used for beam shaping and beam combining for the first
time and was used in the HELIUM3D system. Two options of 1) three optical fibres for red,
green, and blue colours and 2) three fibre ribbons each for one colour, were used for the input of
the waveguide combiner. The results show that for a glass slab waveguide which is 10 mm wide
and 100 µm thick, the required length is 210 mm to achieve 90% uniformity at the output of the
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waveguide and have a good uniformity. (These results were achieved with three optical fibres as
the input. The length of the waveguide was reduced to 150 mm with a uniformity of 92% at the
output of the fibre combiner when the input was three fibre ribbons).
The simulation results indicate the requirement for a long waveguide. The waveguide thickness
is only 100 µm and a glass sheet with this thickness breaks easily and must be protected
properly. The optical loss due to the material absorption increases with increasing waveguide
length. This is important for safety particularly as high power lasers are used to compensate for
the power lost, and heat is created inside the waveguide. Moreover, implementing a large
waveguide in display systems increases the size of the display and the waveguide combiner will
not be suitable for the micro display system such as micro projectors.
The simulation results explained above are for a waveguide without wall roughness or any
scattering site to scatter the light inside the waveguide. A low-cost scattering site with a triangle
shape was suggested and simulated. Implementing this scatter-site decreased the waveguide
length to 85 mm. Although the length of the waveguide was reduced to 85 mm with
implementing of the scattering sites, the simulation results show that efficiency has been
decreased. The efficiency of the waveguide combiner without the scattering site is 92% whereas
with scattering site it is reduced to 69% for the same waveguides.
The use of a slab waveguide as the power homogeniser was experimentally tested by using a
glass slab waveguide with a thickness of 1 mm. Increasing the thickness of the waveguide and so
the output light line does not degrade the performance of the HELIUM3D system seriously. The
results for a slab waveguide with a length of 75 mm show a uniformity of 85% at the output of
the waveguide. Moreover, there was a significant reduction of the speckle pattern, which is
concluded in the next section.
11.4 Speckle Analysis and Measurements
Speckle pattern as a source of non-uniformity in the image in laser illuminated display systems
were investigated in chapter 10.
A new computer program (with a CCD camera) was developed to record the speckle pattern and
analyse it in real time to calculate the speckle contrast, speckle spot radius, uniformity of the
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pattern and analyse the speckle pattern using image processing techniques. The benefit of this
software was demonstrated by using it to monitor the speckle contrast, diameter and uniformity
at various positions along the optical path after each optical component in an autostereoscopic
display system.
The Granulometry method was used to find the speckle spot diameter. This method was
compared with the conventional method of using an autocorrelation function.
It can be concluded from the results that in most of the speckle patterns where the black and
white spots are symmetric Granulometry provides better results for the grain size. However, if
the spots are not circular, autocorrelation has more accuracy. These two methods should be
joined together for calculating the speckle size.
The speckle contrast was mapped at the viewer’s position. Such results have never been shown
for any system before and have the advantage of showing the fluctuation of speckle contrast
across the display system and the effect of each optical component in the system on the speckle
pattern.
Speckle contrast was not reduced by changing the modulation frequency and the duty cycle of
the NECSEL laser. NECSELs are frequency doubled diode lasers with Volume Bragg Gratings
(VBG) implemented inside the casing to stabilize the wavelength of the laser. Therefore, even
though changing the modulation frequency and duty cycle to broaden the laser emission
bandwidth, the output bandwidth will be constant. This was shown by a spectrometer.
NECSEL lasers were chosen for the HELIUM3D system, as they are multi emitter lasers. In
addition, there is one horizontal and one vertical diffuser in the HELIUM3D system. The effect
of the diffusers and multi-emitter lasers on the speckle contrast was investigated. In the diffuser
experiment, the speckle contrast was reduced from 22.3% to 5.7% with two diffusers. By using a
multiemitter NECSEL (without diffuser), the speckle was reduced from 56% to 6.2%. A speckle
contrast below 4% is acceptable and cannot be perceived by human eye. Although the speckle
contrast was not reduced to below the threshold of human perception, however, using both
methods of multiemitter laser and diffusers can provide an acceptable level of speckle contrast.
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11.4.1 Speckle Reduction using Optical Waveguides
For the measurement of the speckle pattern of light emitted from a waveguide, several optical
fibres with the same length (2 m) and the same numerical aperture (NA=0.39) and different core
diameter were chosen. The speckle pattern for fibres with different core diameters was recorded
and the speckle spot diameter was calculated using the software detailed in the previous section.
It was shown that the speckle size reduces as the diameter of the fibre increases. However, the
speckle contrast is constant. Two interesting results can be concluded from this experiment:
Speckle is normally judged based on the speckle contrast in the display systems. The speckle
contrast for all of the recorded patterns was the same (21 ± 5%) but there was a difference in the
speckle size. There are two important issues to be considered which have not been investigated
by researchers: first of all the speckle contrast and speckle perception is different. Speckle
contrast is due to the fluctuation of the intensity across the pattern and could be the same for
fluctuations with different frequencies. However if the fluctuations are at a very high frequency
(which means the speckle spots are small) the human eye will not be able to resolve it and will,
therefore, not see it.
The second issue is about speckle reduction. Optical fibres have been used in the display system
and the speckle contrast has been reduced by vibrating the fibre. Vibrating the fibre changes the
distribution of the energy inside the modes and, therefore, the phase shift between different
modes varies and, as a result, the speckle pattern will be different. Therefore, the speckle contrast
is reduced if the vibration is fast enough and phase change is sufficient to shift the speckle
patterns in time and integrate them to cover each other. This is where the size of the speckle is
important. Producing enough phase shift, and in result, enough shift in the speckle patterns to
cover the dark spots depends on the size of the dark spots. The smaller the speckle size, the
smaller the movement (less mode scrambling) required to remove the speckle. We used a
vibrator and show that speckle contrast in a 50 µm core fibre is higher than that in a 600 µm fibre
core when both of the fibres are subjected to the same vibration. Therefore, if we want to remove
the speckle by vibrating an optical fibre, the fibre core diameter should be as large as possible to
have more effective speckle reduction results.
This suggests that, if the size of a waveguide/fibre is large enough, the speckle pattern should not
be observed and there is no need for fibre vibration. The output from a 15 mm × 70 mm × 1 mm
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slab waveguide was considered. This is the slab waveguide used for the laser beam combining
and homogenising in chapter 9. There was no detectable speckle pattern on the scanned output of
the waveguide.
This proves that a waveguide can be designed and used in a display system to combine,
homogenise, shape laser beams and more importantly de-speckle the output image.
As future work in this section, speckle analysis considering the speckle size and contrast is a
very interesting area. At the end of chapter 10, the Contrast Sensitivity Function was explained
and a new idea was suggested to implement speckle measurements with human ability for
perception of objects with different size in different contrast level. More theoretical analysis and
experiments should be carried out to find a mathematical relationship for the characterisation of
speckle patterns in display systems.
The use of Granulometry for Speckle Spot size Detection
283
Appendix 1: The use of Granulometry for Speckle
Spot Size Detection
Speckle pattern is a granular structure that consisting of bright and dark spots where the size
of the spots determines the non-uniformity of the observed image due to the coherent nature
of laser light. In this section, we try to determine the size of the speckle and relate the speckle
size with the speckle contrast. Our goal is to calculate the size distribution of the bright spots
in the image captured by the detector/camera containing the speckle pattern of a NECSEL
laser. Nevertheless, the method can be applied to any other speckle pattern generated with
another coherent source.
Granulometry is the process used to measure different grain sizes in a granular material. In
this process, the size of the objects is estimated based on the size in a photograph. This is a
well-known process and is used widely in different industries such as mining[47]. We try to
use this method to estimate the intensity surface area distribution of the bright spots as a
function of size. Granulometry likens image objects to stones whose sizes can be determined
by sifting them through screens of increasing size and collecting what remains after each
pass. Image objects are sifted by opening the image with a structuring element of increasing
size and counting the remaining intensity surface area (summation of pixel values in the
image) after each opening.
To find the size distribution, first we use contrast-limited adaptive histogram equalization
(CLAHE) to increase the intensity contrast in the greyscale image. CLAHE divides the image
into several small sections, called tiles and then enhances each tile's contrast so that the
histogram of the output section approximately matches the histogram specified by the
distribution parameter (the distribution function specifies the desired histogram shape for the
image tiles. It can be chosen to be Uniform for flat histogram, Rayleigh for a bell-shaped
histogram or exponential for a curved histogram). The neighbouring sections are then
combined using bilinear interpolation to eliminate artificially induced boundaries. The
contrast, especially in homogeneous areas, can be limited to avoid amplifying any noise that
might be present in the image. We choose a counter limit so that the intensity surface area
goes to zero as we increase the size of the structuring element.
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Now we apply the program to two samples of fine and coarse speckle patterns. These speckle
patterns were recorded with a green NECSEL laser. First, we increase the contrast in the
pictures:
Figure 1: Fine speckle pattern A: before and B: after applying the contrast-limited adaptive
histogram equalization. The tile was chosen to be 10 × 10 pixels.
Figure 2: A coarse speckle pattern A: before and B: after applying the contrast-limited
adaptive histogram equalization. The tile was chosen to be 10 × 10 pixels.
Then we create a disk-shape structure and change the radius of the disk. For each disk with
particular radius all the objects with a smaller radius are separated and calculate the intensity
of the separated objects then we increase the disk’s radius and apply sifting. For each disk
radius we calculate the covered area by that particular disk radius. In Figure 3 the sum of the
pixel values for different disk’s radius is shown.
A B
A B
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Figure 3: The blue line is for fine speckle and the red line is for coarse speckle pattern.
A significant drop in intensity surface area between two consecutive openings indicates that
the image contains objects of comparable size to the smaller opening. This is equivalent to
the first derivative of the intensity surface area array, which contains the size distribution of
the bright spots in the image. We then calculate the first derivative with a simple difference
operation. Figure 4 shows the size distribution of the speckle pattern.
Figure 4: The blue line is for fine speckle and the red line is for coarse speckle pattern.
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As is shown in Figure 4, the maximum number of disks happens with a radius of an order of a
pixel area for the fine speckle whereas the disk size is about 4 pixels for the coarse speckle
pattern. This number indicates the radius of each bright spot in the fine speckle pattern is
about 5 µm (speckle size) and about 25 µm for the coarse speckle pattern (this is an average
size as the speckle pattern is a random distribution of the spots).
In Figure 5, the spots with one pixel radius for fine speckle pattern and 5 pixels radius for the
coarse speckle pattern have been extracted.
Figure 5: speckles with a particular radius. A: the speckle size is about one pixel and B: the
speckle size is 5 pixels.
The two speckle patterns shown in this section were recorded in the lab from a NECSEL
laser. For the measurement, a CCD camera with a 4.5 µm × 4.5 µm pixel area was used
without any lens to record the speckle pattern. The laser source was 2 m away from the
reflecting surface and the distance between camera and the surface was 1 m.
A B
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